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FOREWORD 


This  report  documents  the  work  accomplished  during  USAF  Contract  No. 
F33615-77-C-3085.  The  work  consisted  of  developing  an  Interactive  PIPS! 
computer  program,  developing  an  Interactive  derivative  computer  program, 
and  developing  and  documenting  supporting  data  libraries.  The  work  was 
accomplished  In  three  phases.  As  part  of  the  work  accomplished  In  Phase 
I of  the  contract,  the  interactive  PIPSI  program  was  completed  and 
delivered  to  the  Air  Force.  As  part  of  Phase  II  work,  derivative  param- 
eters were  selected  and  development  work  was  completed  or  the  derivative 
program.  During  Phase  III  a library  of  Inlet  and  nozzle/aftbody  charac- 
teristics was  prepared,  test  cases  were  completed,  documentation  was 
accomplished,  and  final  programs  were  delivered  to  the  Air  Force.  The 
program  was  conducted  under  the  direction  of  the  Vehicle  Synthesis 
Branch,  Air  Force  Flight  Dynamics  Laboratory,  Air  Force  Systems  Command. 
Mr.  Gordon  Tamp! in  was  the  Air  Force  Program  Monitor. 

The  program  was  initiated  on  17  July  1977  and  draft  copies  of  the  final 
reports  were  submitted  for  approval  on  15  May  1978. 

Mr.  W.  H.  Ball  was  Program  Manager  for  The  Boeing  Company.  The  following 
Individuals  contributed  significantly  to  the  work  accomplished  during 
this  contract:  R.  A,  Atkins,  Or.,  computer  programming;  T.  E.  Hlckcox, 
Inlet  derivative  procedure  development;  E.  J.  Kowalski,  Inlet  configura- 
tions and  performance;  and  J.  E.  Petit  and  R.  M.  Trayler,  nozzle/aftbody 
procedure  and  configurations. 
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SUMMARY 


An  analytical  program  was  conducted  to  develop  and  document  two  computer 
programs  that  can  be  used  to  correct  uninstalled  propulsion  system  per- 
formance data  for  Inlet  and  nozzle/aftbody  Installation  effects. 

The  program  consisted  of  three  phases:  (I)  Development  and  delivery  of 

an  Interactive  PIPSI  computer  program,  (II)  Develooment  and  delivery  of 
an  Interactive  Derivative  Procedure  computer  program  and  Users  Manual, 
and  (III)  Preparation  of  test  cases,  library  maps,  and  PIPSI  Users  Man- 
ual. During  Phase  I,  an  Interactive  version  of  the  PIPSI  computer  pro- 
gram was  developed  and  checked  out  on  the  WPAFB  CDC  6600  computer  system. 
This  program  permits  the  rapid  calculation  of  propulsion  system  perfor- 
mance using  a library  of  Inlet  and  noZ2le/aftbody  characteristics  con- 
tained In  computer  disk  files.  During  Phase  II,  an  Interactive  deriva- 
tive procedure  was  developed  and  programmed  that  will  allow  the  user  to 
obtain  new  PIPSI  Inlet  and  nozzle  Input  characteristics  by  perturbations 
to  the  geometric  variables  represented  by  the  stored  library  of  maps. 
During  Phase  III,  test  cases  were  completed,  library  maps  of  Inlet  and 
nozzle/aftbody  performance  characteristics  were  developed  and  documenta- 
tion was  completed. 

The  computer  programs  and  data  Input  formats  were  developed  In  a form 
that  will  allow  the  user  to  significantly  Improve  the  accuracy  of  the 
calculated  results  by  adding  new  data  as  It  becomes  available. 
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SECTION  I 
INTRODUCTION 


During  the  preliminary  design  phase  of  military  aircraft  development,  It 
Is  necessary  to  evaluate  many  potential  engine/airframe  combinations  to 
determine  the  best  solution  to  a given  set  of  mission/payload  require- 
ments. 

The  evaluation  process  must  be  thorough  enough  not  to  eliminate,  at  an 
early  point  In  the  preliminary  design  process,  any  configurations  that 
might  ultimately  prove  to  be  viable  candidates  If  time  were  available  to 
study  them  In  detail . 

At  the  same  time,  speed  In  evaluating  the  configurations  Is  also  Impor- 
tant. because  It  permits  many  more  configurations  to  be  analyzed  on  the 
basis  of  actual  data  rather  than  subjective  judgment  or  experience. 

In  addition,  manpower  and  money  are  often  limited,  especially  In  the 
typical  preliminary  design  study  group.  This  means  that  calculation 
procedures  employed  during  these  studies  must  be  simple  to  use  and  re- 
quire a minimum  of  Input  data  preparation  and  setup  time.  Also,  output 
data  must  be  easily  understood  and  the  results  presented  In  a format  that 
Is  readily  usable  In  comparing  competing  configurations.  This  report 
describes  the  results  of  a study  to  develop  an  advanced  computerized, 
Interactive  propulsion  system  Installation  calculation  procedure  that 
meets  these  objectives.  The  calculation  procedure  consists  of  two  main 
parts: 

(1)  An  Interactive  computerized  procedure  for  calculating  Installed 
propulsion  system  performance  using  computer-stored  files  of 
Inlet,  nozzle/aftbody  characteristics,  and  uninstalled  engine 
data.  The  Inlet  and  nozzle/aftbody  characteristics  used  In  this 
procedure  are  obtained  from  a library  of  maps  representing 
specific  configurations. 


1 


(2)  An  interactive  derivative  procedure  to  generate  new  maps  of 

inlet  and  nozzle/aftbody  characteristics  for  configurations  that 
are  different  from  those  represented  in  the  library.  The  char- 
acteristics of  the  new  configurations  are  obtained  by  first 
order  perturbations  to  the  configurations  In  the  library. 

The  development  of  the  Interactive  PIPSI  program  has  taken  full  advantage 
of  the  existing  Batch-dob  version  PIPS  computer  program  and  PITAP  proce- 
dure developed  for  AFFOL  under  Contract  F33615-72-C-1580  (Reference  1). 

The  capability  of  the  existing  procedure  was  Improved  by  developing 
Interactive  procedures  for  automatically  utilizing  Inlet  and  nozzle/aft- 
body performance  characteristics  obtained  from  computerized  files.  These 
computerized  files  represent  maps  of  standardized  format  which  provide 
the  internal  losses  and  drag  characteristics  for  a variety  of  specific 
Inlet  and  nozzle/aftbody  configurations.  These  configurations  are  de- 
signed to  cover  a wide  spectrum  of  Mach  numbers  from  subsonic  to  Mach  3.5. 

The  expansion  of  the  computer  library  of  Inlet  and  nozzle/aftbody  charac- 
teristics was  a significant  part  of  the  contract  effort  because  It  en- 
ables the  user  to  find  In  the  available  files  (for  Instant  retrieval)  an 
Inlet  or  nozzle/aftbody  configuration  that  Is  a fairly  close  match  to  the 
configuration  under  Investigation.  Inlet  maps  for  a total  of  18  config- 
urations and  nozzle/aftbody  maps  for  8 configurations  are  available  for 
use  with  the  Interactive  procedure.  The  configurations  to  which  these 
maps  correspond  are  described  in  Section  III  of  this  report.  The  com- 
plete documentation  of  Input  maps  Is  provided  In  Volume  IV. 

Another  significant  Improvement  that  was  made  to  the  interactive  calcula- 
tion procedure  Is  the  Incorporation  of  a procedure  that  allows  the  pro- 
gram user  to  make  trade  studies  between  bypass  and  spillage  airflow.  The 
purpose  of  this  procedure  Is  to  provide  the  user  with  maximum  visibility 
of  the  effects  on  performance  of  various  design  options  that  may  be 
available  for  handling  excess  Inlet  airflow.  The  bypass  vs.  spillage 
trade  study  analysis  procedure  is  discussed  in  Subsection  2.2.5  of  this 
report. 
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The  derivative  procedure  was  also  developed  during  the  contract  period, 
to  determine  the  effect  on  Inlet  and  nozzle/aftbody  performance  of  per- 
turbations In  the  Inlet  and  nozzle/aftbody  geometries.  This  derivative 
procedure  was  designed  to  calculate  the  performance  characteristics  for 
configurations  that  are  different  from  those  specific  configurations  for 
which  complete  maps  are  stored  in  computer  files.  This  work  included 
selection  of  the  derivative  parameters  that  were  used  during  the  develop- 
ment of  the  derivative  procedure.  These  derivative  parameters  are  dis- 
cussed In  Subsection  4.1  of  this  report  and  the  derivative  procedure  Is 
discussed  In  Section  IV. 


SECTION  II 

PERFORMANCE  OF  INSTALLED  PROPULSION  SYSTEMS-INTERACTIVE 

(PI PS I)  PROGRAM 


The  contract  effort  was  divided  Into  two  major  parts.  The  first  part 
consisted  of  the  development  of  an  Interactive  propulsion  system  perfor- 
mance computer  program  and  a supporting  library  of  Inlet  and  nozzle/aft- 
body  maps  for  specific  configurations  that  can  be  used  as  Input  data. 

This  computer  program  was  given  the  designation  PIPSI,  for  "Performance 
of  Installed  Propulsion  Systems  - Interactive".  The  second  major  part  of 
the  contract  was  the  development  of  an  Interactive  derivative  procedure 
program  that  will  enable  the  user  to  rapidly  create  new  Inlet  and  nozzle/ 
aftbody  Input  maps  for  use  In  the  PIPSI  program.  This  was  accomplished 
by  accounting  for  the  first  order  effects  due  to  differences  between  the 
desired  configuration  and  a selected  library  configuration.  This  com- 
puter program  has  been  designated  DERIVP,  for  "Derivative  Processor". 

The  PIPSI  program  development  Is  discussed  In  this  section  and  the  DERIVP 
program  development  Is  discussed  In  Section  IV.  In  addition  to  the 
material  contained  In  this  document,  additional  details  of  the  computer 
programs  are  contained  In  the  users  manuals  for  the  two  computer  pro- 
grams. The  users  manual  for  the  PIPSI  program  Is  Volume  II  and  the  users 
manual  for  the  DERIVP  program  Is  Volume  III. 

2.1  STRUCTURE  AND  USAGE 

The  PIPSI  program  was  designed  to  meet  the  objective  of  speeding  up  the 
process  of  calculating  Installed  propulsion  system  performance  data  while 
Including  realistic  effects  of  Inlet  and  nozzle  losses  due  to  drag  and 
Internal  performance.  The  program  was  also  designed  to  satisfy  two 
additional  criteria:  (1)  the  accuracy  of  the  data  generated  by  the 

calculation  procedure  must  be  suitable  for  use  In  preliminary  design 
studies  (when  detailed  knowledge  of  all  geometric  features  of  the  design 
are  not  known)  and  (2)  the  method  must  reflect  the  effects  of  throttle- 
sensitive  changes  In  Inlet  and  nozzle/aftbody  losses. 


To  achieve  the  desired  capability,  a previously-developed  batch-job 
propulsion  Installation  correction  program  (P.I.P.S.,  Reference  1),  was 
improved  and  made  interactive  for  use  on  the  AFFDL  CDC  6600  computer 
system.  This  program  utilizes  a computer-stored  library  of  Inlet  and 
nozzle  performance  characteristics  and  uninstalled  engine  data  as  Input 
to  Interactively  calculate  Installed  propulsion  system  performance.  A 
chart  showing  how  this  computer  program  Is  used  In  a typical  preliminary 
analysis  process  Is  presented  In  Figure  1.  The  calculation  of  Installed 
propulsion  system  performance  is  almost  Instantaneous  if  the  tabulated 
performance  characteristics  of  the  desired  Inlet  and  nozzle/aftbody 
configurations  are  available  as  previously-stored  computer  files.  To 
provide  a readlly-avallable  source  of  Inlet  and  nozzle/aftbody  data,  a 
library  of  Inlet  and  nozzle/aftbody  performance  characteristics  was 
created,  covering  a wide  variety  of  possible  configurations.  The  compu- 
ter files  that  are  required  to  be  attached  prior  to  executing  the  PIPSI 
program  are  shown  In  Figure  1,  as  well  as  the  Internally-stored  propul- 
sion calculation  options  that  are  built  Into  the  program.  Figure  2 shows 
the  data  flow  from  operation  of  the  PIPSI  program.  Required  and  optional 
files  are  attached  externally  prior  to  execution  of  the  program.  The 
user  then  enters  the  Interactive  Input  commands.  The  output  from  the 
program  can  be  displayed  on  a scope  or  stored  on  an  output  disk  file  for 
disposition  to  an  off-line  printer.  The  Interactive  commands  that  can  be 
entered  as  Input  by  the  /jser  are  shown  in  the  schematic  diagram  presented 
in  Figure  3. 

The  single  most  important  factor  that  made  It  possible  to  reduce  the  time 
required  to  perform  Installed  propulsion  system  performance  calculations 
was  the  extensive  use  of  computerized  files.  These  files  contain  tables 
of  data  representing  the  non-dimensional  1 zed  performance  characteristics 
of  Inlets  and  nozzle  aftbodles.  These  files  allow  Instant  retrieval  of 
Inlet  and  nozzle/aftbody  data  that  can  be  matched  with  the  uninstalled 
engine  performance  Jatu  (also  contained  In  a computer  file)  during  the 
execution  of  the  program,  which  produces  the  Installed  propulsion  data. 


Figure  1.  Preliminary  Analysis  Process  Using  PIPS! 


Figure  2.  PIPSI  Data  Flow 


Figure  3.  PIPSI  Prograa  Interactive  Input 


The  Inlet  and  nozzle/aftbody  computerized  files  and  the  uninstalled 
engine  data  are  shown  In  the  typical  examples  of  Figures  4,  5,  and  6. 

The  format  of  the  data  was  selected  to  provide  a standardized  framework 
In  which  either  experimental  data  or  the  results  of  analytical  calcula- 
tions can  be  used.  The  Input  format  for  the  data  remains  constant,  but 
the  data  that  goes  Into  the  tables  can  come  from  various  sources  depend- 
ing on  the  amount  of  time  available  for  preparing  the  data  and/or  the 
amount  of  experimental  data  available.  Because  of  the  fact  that  data  In 
the  Input  tables  can  be  changed  as  better  data  become  available,  It  Is 
possible  to  Improve  the  accuracy  of  the  Installed  propulsion  system 
performance  calculations  as  the  aircraft  development  cycle  progresses 
from  preliminary  design  (level  I)  through  full-scale  flight  test.  The 
use  of  the  PIPSI  program  throughout  the  development  cycle  Is  Illustrated 
In  Figure  7. 

The  basic  structure  of  the  main  calculation  procedures  of  the  PIPSI 
computer  program  Is  shown  by  the  flow  charts  In  Figures  8 and  9.  Figure 
8 shows  the  Inlet  procedure.  This  procedure  handles  the  functions  of 
sizing  the  Inlet,  matching  the  Inlet  Input  data  with  the  engine  airflow 
demand,  and  obtaining  the  matched  Inlet  performance  perameters  from  the 
Inlet  data  tables.  Engine  corrected  airflow  demand  Is  the  matching 
parameter  between  engine  data  and  Inlet  data.  Figure  9 shows  the  nozzle/ 
aftbody  procedure.  Nozzle  total -to-amblent  pressure  ratio  Is  used  as  the 
matching  parameter  for  matching  nozzle  performance  data  to  engine  data. 

2.2  INLET  SUBPROGRAM 

The  Inlet  performance  subprogram  of  the  PIPSI  procedure  Involves  consid- 
erably more  procedural  steps  than  the  nozzle/aftbody  drag  and  gross 
thrust  coefficient  subprograms.  This  Is  due  to  the  fact  that  the 
Individual  Inlet  component  drags  that  contribute  to  the  total  Inlet  drag 
must  be  calculated  separately.  Each  of  these  drags  (spillage,  bleed,  and 
bypass)  must  be  determined  Individually  as  a function  of  mass  flow  ratio, 
which  adds  to  the  complexity  of  the  computer  program. 
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2.2.1  Inlet  Performance 


Inlet  performance  maps  are  Input  data  to  the  inlet  subprogram.  This 
subprogram  sizes  the  inlet  capture  area  (if  it  is  required)  and  converts 
the  inlet  performance  maps  into  total  pressure  recovery  and  inlet  drags 
that  are  matched  to  the  corrected  airflow  demand  of  the  engine. 

The  operation  of  the  Inlet  procedure  is  shown  schematically  in  Figure  8. 
The  connecting  link  between  the  engine  data  and  the  inlet  procedure  Is 
engine-plus-secondary  corrected  airflow.  The  sizing  routine  permits  the 
Inlet  to  be 'Sized  for  operation  at  a desired  inlet  mass  flow  ratio  and 
recovery  using  the  design  engine  airflow  demand.  A specified  capture 
area  size  can  also  be  Input,  If  desired,  Instead  of  requiring  the  program 
to  calculate  the  size. 

The  inlet  Input  requires  fourteen  tables  of  input  data  which  describe  the 
performance  characteristics  of  the  Inlet.  Engineering  data  obtained  from 
wind  tunnel  tests  and  theoretical  calculations  are  used  to  obtain  the  , 
inlet  performance  characteristics.  The  format  for  the  Inlet  data  was 
shown  In  Figure  4.  Data  taken  from  these  engineering  plots  are  punched 
on  cards  as  part  of  the  inlet  library  for  Input  into  PIPSI . 

The  inlet  procedure  recognizes  three  modes  of  Inlet  operation;  low- 
speed,  external  compression,  and  mixed  compression.  The  low-speed  mode 
is  used  only  at  very  low  Mach  numbers,  e.g.,  takeoff  conditions,  when 
only  high  engine  power  settings  are  likely  to  be  of  Interest  and  Inlet 
drag  Is  negligible.  The  external-compression  mode  Is  used  over  the 
remaining  Mach  number  regime  for  external -compression  Inlets.  It  Is  also 
used  for  the  remaining  subsonic  regime  and  supersonic  Mach  numbers  up  to 
the  starting  Mach  number  for  mixed-compression  Inlets.  The  mixed-com- 
pression mode  Is  used  at  or  above  the  starting  Mach  number  for  mixed-com- 
pression Inlets. 
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a)  External -Compress Ion  Inlets.  The  PIPSI  calculation  of  recovery  and 

drag  for  an  external -compression  Inlet  Is  Illustrated  In  Figure  10. 

The  required  performance  maps  are  Input  as  tables,  as  Indicated. 

Table  1 Is  used  to  represent  the  effect  of  the  airplane  flow  field  on 

the  local  Mach  number  seen  by  the  Inlet.  Table  2A  gives  the  basic 

recovery/mass -flow- ratio  characteristics  of  the  Inlet.  The  minimum 

Mach  number  for  which  data  Is  Input  In  Table  2A  is  taken  by  the 

program  to  be  M , below  which  only  the  lowspeed  mode  Is  used. 

°mi  n 

In  the  low-speed  mode,  recovery  Is  read  directly  out  of  Table  2B  as  a 
function  of  local  Mach  number  only,  and  Inlet  drag  Is  neglected. 

If  the  local  Mach  number  exceeds  MQ  , the  recovery  and  mass 
flow  ratio  are  determined  using  Tabfin2A,  Table  7 (which  gives  the 
schedules  bypass  flow,  If  any,  as  a function  of  engine  mass  flow 
ratio),  and  the  engine  corrected  airflow  demand. 

PIPSI  Iterates  to  solve  simultaneously  for  the  matchpolnt  recovery 
and  Inlet  mass  flow  ratio,  as  well  as  the  engine  mass  flow  ratio  and 
scheduled  bypass  flow.  If  the  Indicated  buzz  (Table  2D)  or  distor- 
tion (Table  2E)  limits  are  exceeded,  an  appropriate  warning  message 
will  appear,  but  no  fatal  error  will  result.  The  bleed  mass  flow 
associated  wtih  the  calculated  Inlet  mass  flow  ratio  is  determined 
from  Table  6A. 

After  the  required  mass  flow  ratios  are  determined,  spillage,  bleed, 
and  bypass  drags  are  found  from  Tables  3,  4,  and  5,  respectively. 
Spillage  drag  Is  the  Incremental  change  In  additive  drag  and  pressure 
drag  on  the  airplane  due  to  Inlet  operations  at  mass  flow  ratios  less 
than  a reference  mass  flow  ratio.  The  bleed  and  bypass  drags  include 
door  drags  as  well  as  momentum  loss  of  the  airflow. 

b)  Mixed-Compression  Inlets.  The  performance  calculation  for  a mixed- 
compression  Inlet  Is  Illustrated  In  Figure  11.  Below  the  starting 
Mach  number  M$,  the  low-speed  mode  and  external  compression  mode 
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Figure  10.  PIPSI  Performance  Calculation  for  an 

External -Compress  Ion  Inlet 
22 


WWWli 


Figure  11,  PIPS!  Performance  Calculation  for  a 
Mlxed-Compresalon  Inlet 
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are  used  in  the  same  way  as  In  the  case  of  an  external -compression 
Inlet.  The  mixed-compression  mode,  used  at  or  above  Ms,  is  based 
on  the  assumption  that  a closed-loop  bypass  system  Is  available  to 
remove  all  excess  air.  Thus,  except  for  the  case  of  excessive  engine 
airflow  demand,  the  Inlet  mass  flow  ratio,  bleed  flow,  and  recovery 
may  all  be  scheduled  as  a function  of  local  Mach  number  only;  the 
bypass  system  compensates  for  changes  In  engine  airflow  demand. 

If  the  corrected  airflow  delivered  by  the  Inlet  Is  Inadequate  to  meet 
the  engine  demand  at  the  scheduled  recovery,  the  program  will  permit 
the  Inlet  to  operate  at  an  excessive  supercritical  margin.  The 
recovery  will  be  lowered  sufficiently  to  match  the  engine  corrected 
airflow  demand,  and  an  appropriate  message  will  warn  the  user  of  an 
undersized  Inlet. 


Inlet  spillage,  bleed,  and  bypass  drag  are  found  using  Tables  3,  4, 
and  5,  as  In  the  external -compression  mode.  The  data  In  these  tables 
for  Mach  numbers  equal  to  or  greater  than  Ms  apply  only  for  started 
Inlet  operation. 


2.2.2  Inlet  Sizing 


The  Inlet  sizing  procedure  In  the  computer  program  determines  the  Inlet 
capture  area  required  to  match  the  largest  engine  airflow  demand  at  each 
Mach  number.  From  these  calculated  Inlet  sizes,  the  largest  required 
size  Is  selected  as  the  Inlet  capture  area.  For  sizing  calculations,  an 
Input  curve  (Table  2C)  of  recommended  (matched)  Inlet  airflow  variations 

(Ao/\)  M0  and  an  input  curve  (Table  2B)  of  recommended 
(matched)  Inlet  total  pressure  recovery  vs.  MQ  are  used  to  determine 
the  required  capture  area  variation  with  Mach  number.  These  parameters 
are  used  In  the  following  equations  to  calculate  capture  area,  Ac: 


A c , in.2 


A0  ENG 

(Ao^Ac)  MATCHED 


.343  (Aq/A,,  )m  ETCHED 
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2.2.3  Inlet  Reference  Conditions 


For  purposes  of  aero-propulsion  thrust/drag  bookkeeping,  a reference  mass 
flow  ratio  Is  employed.  This  reference  mass  flow  ratio  Is  always  shown 
In  Inlet  Input  Table  38.  It  represents  the  Inlet  mass  flow  ratio, 

Aq  /Ac,  at  which  the  spillage  drag  is  defined  as  zero.  This  refer- 
ence provides  the  zero  drag  reference  base  for  the  Input  spillage  drag 
variations  vs.  A„  /A-  at  each  Mach  number  Input  as  Table  3,  The 

O j u 

reference  mass  flow  ratio  Is  selected  to  be  a mass  flow  ratio  at  or  near 
the  point  of  maximum  Inlet  mass  flow  ratio  at  each  MQ.  At  this  point, 
no  further  throttle-dependent  inlet  airflow  variations  would  be  expected. 
Therefore,  at  this  mass  flow  ratio  It  Is  logical  to  Include  the  drag  of 
the  spilled  airflow  In  the  airplane  drag  polar.  The  Inlet  drag  reference 
mass  flow  ratio  concept  Is  Illustrated  In  Figure  12. 

For  users  who  prefer  to  use  a mass  flow  ratio  of  1.0,  an  option  Is  In- 
cluded In  the  computer  program  to  add  the  Incremental  reference  spillage 
drag  to  the  spillage  drag  Input  data  of  Table  3,  thereby  creating  a 
reference  mass  flow  ratio  equal  to  1.0. 

2.2.4  Inlet  Recovery  Correction 

The  engine  Input  provides  the  required  data  for  Inlet  drag,  Inlet  recov- 
ery, nozzle  afterbody  drag  and  nozzle  coefficient  calculations.  The 
engine  section  of  the  PIPSI  program  calculates  only  the  changes  In  inter- 
nal performance  due  to  changes  In  Inlet  recovery.  Changes  In  Inlet 
recovery  produce  a directly  proportional  change  In  nozzle  pressure  ratio, 
airflow,  and  fuel  flow  because  the  nozzle  throat  area  does  not  change. 
Furthermore;  It  Is  assumed  that  engine  data  Is  calculated  with  MIL  STD 
5 0088  recovery  and  all  Inlet  recovery  changes  are  made  relative  to  that 
value  unless  the  user  Inputs  a different  reference  recovery.  Thermody- 
namic data  from  Keenan  and  Kaye  tables  has  been  "curve-fitted"  and  sub- 
routines are  provided  to  calculate  the  thermodynamic  properties  of  the 
exhaust  gases. 
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The  inlet  baseline  reference  condition  for  spillage  drag 
is  defined  at  each  Mach  number  as  shown  below.  This 
condition  was  chosen  because: 

a)  it  corresponds  to  an  accurate  reference  and 
measurable  condition  for  the  real  inlet, 

b)  it  corresponds  to  a condition  when  inlet  spillage 
drag  is  minimum  (i.,e.,  minimum  lip  separation 
and  therefore  less  error  in  scaling), 

c)  it  is  near  the  operating  condition  of  the  inlet 
(airplane  reference  model  therefore  contains 
major  inlet  interference  effects). 


Figure  12.  Definition  of  Inlet  Reference  Mass  Flow  Ratio 
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The  calculation  procedure  is  as  follows:  for  each  altitude,  Mach  number, 

and  power  setting,  the  net  thrust  (F^),  fuel  flow  (Wp),  corrected 
airflow  (Wn/£7/ $ g),  nozzle  throat  area  (Ag),  nozzle  exit  area 
(Ag),  and  nozzle  thrust  coefficient  (Cp^)  are  given. 

Standard  atmosphere  and  MIL  Standard  5008B  Inlet  recovery  are  used  to 
calculate  the  airflow  at  the  engine  face  and  gross  thrust  Is  calculated 
for  the  given  engine  data  before  any  changes  In  Inlet  recovery  by  the 
following  equation: 

WjV* 

FG0Ul  " PN  ♦ 1 

The  desired  Inlet  recovery  Is  obtained  from  the  inlet  subprogram  and  the 
engine  gross  thrust  is  first  calculated  with  MIL  Standard  recovery  and 
then  with  the  calculated  recovery.  To  calculate  engine  gross  thrust,  the 
engine  corrected  airflow  remains  constant  for  any  change  In  Inlet  recov- 
ery, and  at  any  given  power  setting,  the  nozzle  exhaust  areas  and  burner 
fuel-air  ratio  remain  constant.  The  engine  performance  for  any  change  In 
Inlet  recovery  Is  calculated  by  the  following  relations: 


<w,)„  - *,  r,?W  1 

mil  5008B  J 
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M ■ PT  A (P  /pT  ) 


Y‘  T0  MIL  AOOIB 


After  the  above  quantities  are  computed,  the  corrected  quantities 

(W8)rF,  (wp)rf»  (^2 W and  ^TB^VrF  are  used  t0 

compute  a new  gross  thrust,  FQ  . This  new  gross  thrust  and  the  gross 

thrust,  FQ  , calculated  using  ?he  same  subroutines  and  the  uncor- 
rected (Mil  5008 B ) quantities  (Wg,  Wp,  W2,  PT8/PQ)  are  used  to 
compute  a ratio,  FQ  /FQ  . This  ratio  Is  then  used  to  obtain  the 
new  value  of  gross  ?hruit,  Fg  . The  new  value  of  gross  thrust  Is 
then  found  by  ratio 


The  ratio  procedure  Is  used  to  minimize  any  Inaccuracies  that  may  be 
caused  by  assuming  burner  efficiency  ( nB)  Is  constant  for  all  engine 
operating  conditions. 
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The  net  thrust  and  fuel  flow  after  correction  for  Inlet  recovery  are: 


FOniw 


WV„  _R£ 

9 Rp 

v MIL 


and  the  Installed  propulsion  system  thrust  and  SFC : 


% " % “ DWLFT  - dno*  + dnozrep 


spca 


2.2.5  Bypass  Vs.  Spillage  Trade  Calculation 


A calculation  procedure  has  been  developed  and  programmed  that  provides 
the  capability  to  automatically  perform  trade  studies  between  bypass  and 
spillage  airflow.  The  purpose  of  this  procedure  Is  to  provide  the  pro- 
gram user  with  maximum  visibility  of  the  effects  of  various  design  op- 
tions that  may  be  available  for  handling  excess  Inlet  airflow. 


The  trade  study  procedure  provides  the  user  with  the  option  to  select  any 
of  the  following  modes  for  disposing  of  excess  airflow: 

Mode 

1 All  excess  airflow  spilled 

2 All  excess  airflow  bypassed  above  a specified  Mach  number 

3 Scheduled  bypass  with  rest  of  excess  airflow  spilled 

4 Optimum  combination  of  bypass  and  spillage  for  minimum  drag 

5 Optimum  combination  of  bypass  and  spillage  for  minimum  installed 

SFC  (Includes  effect  of  bypass  on  total  pressure  recovery) 
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For  visibility,  an  optional  printout  can  be  specified  by  the  user  that 
will  display  the  complete  results  of  the  splllage/bypass  trade  studies. 

The  bypass  vs.  spillage  trade  study  procedure  was  developed  by  modifying 
and  adding  to  the  existing  program  calculation  routines.  For  Options  1, 
2 and  3 existing  program  calculation  routines  are  used  to  allow  the  user 
to  simply  select  the  mode.  For  Options  4 and  5 which  Involve  optimiza- 
tion, standard  methods  are  used  to  find  the  minimum  CQ  and  SFCA 
values. 

Figure  13  presents  a general  flow  chart  of  the  bypass  vs.  spillage  trade 
study  procedure.  Complete  flow  charts  of  the  PIPSI  program  are  con- 
tained In  Volume  II. 

2.3  NOZZLE  SUBPROGRAM 

The  purpose  of  the  nozzle/ afterbody  drag  and  Cp  input  data  and 
calculation  subprograms  is  to  calculate  nozzle  internal  losses 


2.3.1  Nozzle/Afterbody  Drag 


The  nozzle/afterbody  drag  Is  computed  using  maps  which  represent  the 
afterbody  drag  characteristics  (Figure  5)  as  a function  of  Ajg/Ag  and 
MQ,  external  Input  geometry  and  engine  data.  Engine  data  obtained 
Internally  from  the  engine  subprogram  Include  nozzle  throat  area,  nozzle 
pressure  ratio,  freestream  conditions,  and  Ideal  gross  thrust.  An  essen- 
tial geometry  Input  Is  the  nozzle  exit  area,  Ag,  which  Is  required  for 
boattall  drag  computation.  This  parameter  Is  obtained  In  either  of  two 
ways: 

1.  From  the  engine  subprogram  when  the  existing  nozzle  data  are  used; 

2.  From  a calculation  of  fully-expanded  Ag  as  a function  of  nozzle 
total  pressure  ratio  for  wedge  and  plug  nozzles. 
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Figure  13, 
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General  Flow  Chart  for  Bypass  Vs.  Spillage 
Trade  Studies 
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The  program  currently  has  built  In  the  variation  of  base  pressure, 

Pb/P0  , as  a function  of  freestream  Mach  number.  This  Is  then  used  to 

calculate  Cn 

uBase 

Fully-expanded  nozzle/-aftbody  drag  coefficient  Is  obtained  from  tables 
such  as  those  Illustrated  In  Figure  Sa.  The  drag  coefficient  Is  obtained 
as  a function  of  the  ratio  of  nozzle  exit  area  to  maximum  cross-sectional 
area,  Ag/A^0,  and  free-stream  Mach  number. 

A procedure  has  been  programmed  that  allows  the  program  to  account  for 
effects  of  varying  nozzle  exit  static  pressure  ratio.  This  procedure 
determines  an  Incremental  drag  coefficient,  ACq  , to  be  added  to 
the  fully-expanded  nozzle/aftbody  drag  coefficient?  The  Incremental  drag 
coefficient  Is  a function  of  nozzle  exit  static  pressure  ratio 
(Pg/PQ)  and  free-stream  Mach  number  (Mq)  and  Is  available  for  a 
range  of  nozzle/aftbody  area  ratios  (A10/Ag)  from  max  A/B  to  subsonic 
cruise.  The  Incremental  drag  coefficient  maps  allow  the  user  to  Input 
the  pressure  ratio  effects  data  If  It  Is  available.  If  the  user  does  not 
have  such  data  available,  a set  of  dummy  maps  ata  used  that  sets 
0 for  all  Pg/PQ.  Mq,  and  A^/Ag.  A three-dimen- 
sional table  look-up  procedure  Is  used  to  obtain  the  ACjj^values 
during  the  program  operation,  A maximum  of  four  maps  are  used  represent- 
ing different  nozzle/aftbody  area  ratios.  An  Illustration  showing  the 
nozzle/aftbody  drag  procedure  Is  presented  In  Figure  14. 

2.3.2  Nozzle  Gross  Thrust  Coefficient 


The  nozzle  gross  thrust  coefficient  Input  data  maps  are  used  to  provide  a 
means  for  correcting  uninstalled  engine  data  for  the  effects  of  nozzle 
Internal  performance  that  are  different  from  the  nozzle  Internal  perfor- 
mance used  In  generating  the  uninstalled  engine  data. 
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Figure  14.  Calculation  Procedure  for  Effects  of  Nozzle 
Static  Pressure  Ratio  on  Drag 


Two  different  types  of  nozzle  Cp  maps  are  provided,  as  shown  in 
Figure  5,  Figure  5b  shows  the  d§ta  Input  format  for  a round  nozzle  and 
Figure  5c  shows  the  data  input  format  for  two-dimensional  nozzles.  For 
round  nozzles,  the  nozzle  area  ratio,  Ag/Ag  Is  calculated  from  tabu- 
lated input  values  provided  along  with  nozzle  pressure  ratio, 

PT  /P_ , as  part  of  the  engine  data. 
t8  0 


For  use  with  the  two-dimensional  nozzle  Cp  input,  the  engine  power 
setting  and  nozzle  pressure  ratio  are  obtained  from  the  engine  Input  data 
by  procedures  programed  Into  the  engine  performance  subprogram. 


The  data  Input  table  format  for  the  round  nozzle  (Figure  5b)  provides 
nozzle  gross  thrust  coefficient  as  a function  of  nozzle  total  pressure 
ratio  and  area  ratio.  In  the  case  of  two-dimensional  nozzles,  however, 
the  nozzle  gross  thrust  coefficient  (Figure  5c)  Is  Input  as  a function  of 
nozzle  total  pressure  ratio  for  maxlmun  afterburning  and  intermediate 
(dry)  power  settings.  This  Input  data  format  Is  based  on  the  assumption 
that  a variable  area  nozzle  will  be  used  which  will  be  scheduled  to 
provide  an  optimum  variation  of  area  ratio  as  a function  of  nozzle  pres- 
sure ratio. 


The  calculated  Installed  propulsion  system  performance  data  Include  the 
throttle-dependent  Inlet  and  nozzle/aftbody  losses.  To  determine  the 
throttle-dependent  portion  of  the  nozzle/aftbody  drag  to  be  Included  as  a 
loss  to  the  propulsion  system  performance,  a reference  condition  has  been 
established  for  the  nozzle/aftbody  drag  as  follows: 

The  nozzle/aftbody  drag  Increment  to  be  Included  In  propulsion  system 
Installed  net  thrust  will  be  defined  as  zero  when  the  nozzle  Is  at 
Its  maximum  (full-open)  geometry  and  operating  at  a nozzle  static 
pressure  ratio,  Pg/PQ,  equal  to  1,0  (fully-expanded).  The 
nozzle/aftbody  drag  at  this  condition  will  be  Included  In  the  aerody- 
namic drag.  Incremental  changes  In  nozzle  aftbody  drag  due  to 
changes  in  nozzle/aftbody  geometry  and/or  nozzle  static  pressure 


ratio  different  from  this  condition  will  be  Included  as  propulsion 
system  drag.  This  reference  condition  Is  Illustrated  In  Figure  15 
for  a typical  set  of  nozzle/aftbody  drag  data  from  Reference  2. 

2.3.3  Thermodynamic  Properties 

Thermodynamic  properties  required  for  throat  calculations  are  obtained 
using  the  functions  shown  In  Table  I.  The  functions  listed  In  Table  I 
are  "curve-fits"  of  Keenan  and  Kaye  data  (Reference  29)  The  gas  tables 
are  primarily  used  to  calculate  exhaust  nozzle  static  pressures  and  jet 
velocities. 


TABLE  I 


H • HOFT  (T.FOA) 


THERMODYNAMIC  SUBROUTINES 

Enthalpy  as  a function  of  temperature  (degrees  R) 

and  fuel-air  ratio 


T - TOFH  (H.FOA) 


Temperature  as  a function  of  enthalpy  and 
fuel-air  ratio 


PR  ■ PROFH  (H,FOA)  Relative  pressure,  (Pr)  as  a function  of 

enthalpy  and  fuel/air  ratio 

H - HOF PR  (PR.FOA)  Enthalpy  as  a function  of  relative  pressure  and 

fuel-air  ratio 


C ■ COFH  (H.FOA) 


Sonic  velocity  as  a function  of  total  enthalpy 
and  fuel -air  ratio 


C ■ COFHS  (H,F0A)  Sonic  velocity  as  a function  of  static  enthalpy 

and  fuel-air  ratio 
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trie  Reference  Condition  for 
ottle  Dependent  Drag 


Figure  15.  Typical  Nozzle/Aftbody  Drag  Data 


2.3.4  Energy  Balance  for  Exhaust  Gas  Calculations 


If  the  temperature  at  the  engine  compressor  face,  airflow,  pressure  ratio 
and  fuel  flow  are  known,  the  exhaust  gas  enthalpy  (h)  and  relative  pres- 
sure (pr)  can  be  calculated  from  the  energy  balance: 

W^Tj  ♦ WfQflB  " *11%  ♦ *8^1  + WBXhTBX 

(for  either  mixed  or  non-mlxed  flow  engines) 

For  mixed  flow  fans  or  a turbojet: 

*8  - *2  - *BX  * *f 

(f/»)$  - wf/(wa  -Wgx) 

+ wfQ  nB)/w|  (WBXhBX  1s  con* 
sldered  negligible) 

pfT  | " f (bf  '/•>• 

For  a separate  flow  ducted  fan  (fan  nozzle  and  primary  nozzle): 
bjj  f(Tf  , f/»)j  iwh»r«f/«»0 
(PrT)2  "f  (hT  ■ V'h  - 

■(S)J(,r1,/'r,) 

% " f %r  • f/*)i8  '•  "I”"  " 0 
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and 


wj  - W2  - W,8  - WBX  + Wf 
hTg  * <W2  »>T2  - W1S  % + WfQ 


(WBXhT  Is 

Da  I ku 

considered  negligible) 


(W  - f ChT  ,f/*)s 


2.3.5  Nozzle  Gross  Thrust  Calculation 


The  calculation  procedure  In  this  section  applies  to  both  mixed  and 
non-mlxed  flow  nozzles, 

2.3.6  Convergent  Nozzle 

The  velocity  at  the  throat  for  a convergent  nozzle  Is  a function  of  the 
total  enthalpy  (assuming  the  throat  Is  choked). 

Cg  - f (hr  . f/«)s 


and  the  static  pressure  Is  a function  of 


h8  " hT> 


the  static  enthalpy 

S 


T,  - f (h,  f/»)g 
pr,  » f Ch,  f/i)8 


V* " 


Pjo  Is  obtained  from  the  tabulated 
engine  Input  data  a;  f (P.S.,  alt.,  M ) or 
It  Is  calculated  by  the  procedure  described 
on  Page  AO. 

p8  " 
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The  area  of  the  throat  Is 


and  the  thrust  Is 


9 


♦ V <T|  “ P«nb) 


2.3.7  Convergent-Divergent  Nozzle  (fully  expanded) 

If  the  exhaust  flow  Is  fully  expanded,  the  static  pressure  of  the  nozzle 
exit  Is  equal  to  ambient,  and  the  exit  velocity  Is  a function  of  the 
total  to  static  enthalpy. 


% “ % Pamirs) 
hp  - f (Pr.  f/ajp 
Tp  ■ f <h.ffa)p 


Since  hg  ■ hg 


The  exit  area  Is  , a9  ■ w9  r8  T9/Ptmb  v9 


and  the  gross  thrust  Is  F0  • 


. 39 


2,3.3  Convergent-Divergent  Nozzle  (not  fully  expanded) 


If  the  exit  area  of  a convergent-divergent  nozzle  Is  less  than  required 
for  full  expansion,  the  exit  static  pressure  will  be  higher  than  am- 
bient. The  throat  conditions  are  known;  therefore,  a guessed  exit  veloc- 
ity gives: 

h9  - hTg  - V92/2gJ 


T9  - f ( h . f/«  )9 
P,9  - f 0».  f/«), 


p 

W9  * R{?9)  A9V9  “ (PAV>9  “ (-1^)9 

An  Iteration  on  Vg  to  make  Wg  ■ Wg  will  result  In  the  exit  condi- 
tions for  a given  area. 

The  gross  thrust  Is:  Fff  + ^9  Cs  - P^  a9 


2.3.9  Nozzle  Pressure  Ratio  Calculation 

The  exhaust  nozzle  pressure  ratio  can  be  calculated  If  thrust,  fuel  flow 
and  airflow  are  known.  The  gross  thrust  Is  calculated  as  follows: 

Pg  " (pn«t  + 

w2  V„ 

Fr«m  " g 
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and  the  nozzle  exit  conditions  are  calculated  by  assuming  that  the  flow 
Is  fully  expanded. 

W|  - w2  - WBX  ♦ wf 
hT8  " hj2  + (Q  t)B  Wf/W8) 
tt8  ■ n hT , r/i  )8 

V9  - Vg  (g)t Wg 

h9  " hTg  ~ v9  2/2gJ 
Pf  9 - f ( h.  tit  )8 

(PrT)«  ' f (hT  • )> 

Since  Pg  ■ pmb  »!,/%*■  ('.,),/% 


The  pressure  ratio  calculation  will  be  In  error,  an  amount  relative  to 
the  value  of  the  thrust  coefficient  (Cp  ),  because  this  is  usually 
unknown  If  pressure  ratios  and  exhaust  Sreas  are  not  given. 
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SECTION  III 


LIBRARY  MAP  CONFIGURATIONS 


The  purpose  of  the  library  of  Inlet  and  nozzle/aftbody  maps  Is  to  provide 
a readlly-avallable  source  of  Input  data  that  can  be  utilized  by  the 
Interactive  PIPSI  computer  program.  The  Input  data  are  converted  to  data 
tables  and  stored  as  permanent  files  on  computer  disk  storage  for  compu- 
terized retrieval.  When  interactive  calculations  are  to  be  performed, 
the  desired  library  computer  files  representing  the  Inlet  and  nozzle/aft- 
body data  along  with  the  uninstalled  engine  data,  are  attached  externally 
to  the  PIPSI  program  prior  to  execution  of  the  program 

The  Input  data  are  stored  In  the  form  of  tables  of  standardized  format 
representing  maps  of  Inlet* and  nozzle/aftbody  performance  characteris- 
tics. The  format  of  the  Inlet  characteristics  Is  shown  in  Figure  4.  The 
format  of  the  nozzle/aftbody  drag  and  Internal  performance  (Cp  ) 
characteristics  Is  shown  In  Figure  5. 

The  data  for  all  the  configurations  are  contained  In  Volume  IV. 

.3.1  INLET  CONFIGURATIONS 

The  matrix  of  Inlet  configurations  for  which  performance  characteristics 
are  available  Is  shown  In  Figure  16.  Performance  characteristics  are 
available  for  a total  of  18  separate  Inlet  configurations.  These  config- 
urations include  a variety  of  Inlet  types;  chin,  pitot,  two-dimensional 
and  axlsymmetr Ic  external  compression,  and  two-dimensional  and  axlsymmet- 
rle  mixed  compression,  The  design  Mach  number  range  covered  by  the 
configurations  is  0.5  to  3.5. 


INL£T  TYPE 


Figure  16.  Matrix  of  Inlet  Maps 


The  Inlet  configurations  that  are  represented  by  the  library  of  perfor- 
mance characteristics  have  been  selected  by  considering  the  following 
factors: 

(1)  At  each  design  Mach  number,  the  configuration  must  be  typical  of 
an  Inlet  that  could  reasonably  be  used  at  that  Mach  number. 
Design  Mach  number  affects  such  design  features  as  variable 
geometry,  number  of  compression)  ramps,  boundary  layer  bleed 
system  design,  and  mixed  vs.  external  compression  scheme.  The 
way  typical  Inlet  design  features  vary  as  design  Mach  number  Is 
Increased  Is  Illustrated  In  Figure  17.  In  general,  the  trend  Is 
toward  more  Inlet  complexity  and  more  variable  geometry  as 
design  Mach  number  Is  Increased,  assuming  a high  level  of  total 
pressure  recovery  Is  to  be  maintained.  The  configurations 
contained  In  the  library  of  Inlets  are  shown  In  Figure  17  by 
their  configuration  numbers,  as  defined  in  Figure  16. 

3.2  NOZZLE/AFJBODY  MAP  CONFIGURATIONS 

1 1 .1^ 

The  nozzle/aftbody  configurations  Include;  axlsymmetrlc  convergent-di- 
vergent nozzles,  (single  and  twin),  two-dimensional  cohvergent-divergent 
nozzles  (single  and  twin),  axlsymmetrlc  plug  nozzles  (single  and  twin), 
and  two-dimensional  wedge  nozzles  (single  and  twin).  The  nozzle/ aftbody 
files  that  are  available  are  shown  In  Figure  18.  These  files  and  the 
configurations  that  are  represented  In  the  library  of  Inlet  and  nozzle/ 
aftbody  maps  are  described  In  detail  In  Volume  IV. 

(2)  Experimental  data  are  available  for  several  Inlet  configurations 
that  can  be  used  to  provide  well -substantiated  Inlet  performance 
maps.  It  has  been  an  objective  of  the  program  to  use  experi- 
mental data  whenever  It  Is  available  and  the  configuration  Is 
suitable  (or  typical)  for  the  Intended  application.  Examples  of 
some  of  the  useful  sources  of  data  that  have  been  utilized  In 
developing  the  Inlet  performance  characteristics  are: 
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Fiawre  17.  RcDrcsent?tivp  Spectrun  of  Inlets 


Figure  18.  Hozzle/Aftbody  Files 


Tailor-Mate  tests  (Reference  4),  F-15  Inlet  tests  (Reference  5), 
Boeing  LWF  tests  (Reference  6),  XB-70  Inlet  tests  (Reference  7), 
NAR  F-100  Inlet  tests  (Reference  8),  and  Boeing  subsonic  inlet 
tests  (Reference  9). 

(3)  Several  sets  of  Inlet  performance  characteristics  were  available 
from  the  previously-completed  Air  Force  Contract 

F336 15-72-C- 1580  (Reference  1).  These  data  were  used  In  the 
present  contract  for  Configurations  6*  10,  7,  9,  13  and  14, 
largely  unchanged,  except  for  some  revisions  In  the  data  table 
formats. 

(4)  inlet  data  maps  are  available  at  Boeing  for  conf Iguratlons  8 and 
11.  These  data  are  In  the  PIPSI  format  and  are  directly  usable 
In  the  present  contract,  because  they  represent  typical  Inlet 
configurations  for  the  required  design  Mach  numbers. 

A summary  chart  Is  presented  In  Figure  19  which  shows  the  Inlet  configur- 
ation number*  (Indexed  to  Figure  16),  a brief  description  of  the  Inlet, 
and  the  source  of  the  data  and/or  methods  used  to  obtain  the  Inlet  per- 
formance characteristics.  In  addition  to  the  Information  shown  In  Figure 
19,  each  of  the  Inlets  Is  described  In  detail  In  Volume  IV. 


Inlet 

number 

INLET  CONFIGURATIONS  AND  SOURCES  OF  DATA 

USED  TO  DEVELOP  THE  INLET  MAPS 

1 

Ar7  typt  inlet;  developed  from  publlthed 
A- 7 data  and  anglnaarlng  analytlt 

2 

F*8  typ*  inlet;  developed  from  publlthed 
F-8  Inlet  data  and  analytlt 

3 

Subtonle  Inlet  typt;  baud  on  data  and 

mathodt  from  Boeing  tubtonlc  Inlet  (l.e.  707,  727  ate) 

4 

Subtonle  Inlet  typt;  batad  on  data  and  mathodt  uttd 
to  develop  Boalng  747-type  Inlatt 

5 

Normal  thock  inlet;  batad  on  data  from  Rockwall 
taiti  of  PI 00  airplane  Inlet 

6 

Normal  ihoek-type  Inlet;  bated  on  data  from 
Roekwall  F-100  Inlet,  Boeing  LWF  Inlet  taiti, 
and  GO  LWF  Inlet  data 

7 

Fixed-Geometry,  2-thock  Inlet;  bated  on  data 
from  Boalng  LWF  Inlet  tattt 

B 

Four-thoek,  variable  ramp  Inlet;  thaoretleal 
dttlgn  bated  on  analytlt,  optimized  for  Ms  - 2.0 

9 

Four-thock,  variable  ramp  Inlet;  bated 
on  data  from  NR  Inlet  tattt  of  IPS  model 

10 

Flxed'geometry,  tingle  cone  Inlet;  bated  on  analytical 
detlgn  for  a Mo  - 1.6  VTOL 

11 

3-thock,  half-round  Inlet  with  varlabl e-dle meter 
centerbody;  analytical  detlgn  for  a tupertonlc  Navy 
VTOL  configuration 

12 

3-  Shock  , half-round  Inlet  with  variable  tecond 
cone  angle;  GD  tailor-mate  teitt 

13 

Mlxed-comprettlon;  analytlcel  detlgn  documented 
In  AF FD L-TR-72-1 47-vol  IV 

14 

Mixed  comprettlon;  bated  on  XB-70  type 
configuration  and  data 

IB 

Mixed  comprettlon;  batad  on  NASA  AMES 
configuration  and  teitt  of  a maoh  3,6,  2-D  Inlet 

16 

Mixed  comprettlon  exltymmetrlc;  bated  on 
a Boeing  analytical  study  of  an  AST  Inlet  for  NASA  AMES 

17 

Mixed  comprettlon  exltymmetrlc;  bated 
on  data  from  NASA  AMES  teitt  of  M„  - 3.0  Inlet 

IB 

Mixed  compretalon  exltymmetrlc;  bated  on 
retulta  of  Boeing  analytical  ttudlet  for  e NASA  AMES 
maoh  3,6  Inlet 

Figure  1 9 . Sourcu  of  Data  for  Matrix  of  inlet  Mapt 


SECTION  IV 


DERIVATIVE  PROGRAM  (DERIVP) 


The  purpose  of  the  derivative  procedure  Is  to  provide  a first  order 
analytical  method  to  determine  the  effects  on  Inlet  and  nozzle  perfor- 
mance of  configuration  differences  from  the  nearest  configuration  repre- 
sented in  the  library  of  stored  maps  (which  are  built-up  for  specific 
configurations).  The  derivative  procedure  employs  analytical  and  experi- 
mental data  in  determining  the  changes  In  the  stored  performance  maps 
that  result  from  geometric  changes  in  the  inlet  and  nozzle/aftbody  con- 
figurations. , 

The  derivative  parameters  are  discussed  In  Subsection  4.1,  the  Inlet 
derivative  procedure  Is  discussed  In  Subsection  4.2,  and  the  nozzle/aft- 
body derivative  procedure  Is  discussed  In  Subsection  4.3. 

4.1  DERIVATIVE  PARAMETERS 

The  first  step  In  the  development  of  the  derivative  procedure  was  the 
selection  of  the  derivative  parameters.  The  derivative  parameters  are 
those  parameters  that  will  be  perturbed  t.o  produce  a new  set  of  perfor- 
mance characteristics  from  an  existing  (or  "baseline")  set  of  maps. 

The  criteria  used  to  select  the  derivative  parameters  were: 

(1)  Variations  In  the  parameter  must  have  a significant  effect  on 

the  content  of  the  maps  used  to  describe  Inlet  or  nozzle/aftbody 
performance.  The  derivative  procedure  should  be  used  as  part  of 
an  overall  conceptual  analysis  procedure  for  calculating  first- 
order  propulsion  system  installation  effects.  The  derivative 


parameters  selected  for  the  present  procedure  are  those  which 
have  been  clearly  Identified  by  test  or  analysis  as  having 
"first-order"  effects  on  Installed  performance.  The  derivative 
procedure  should  not  be  used  for  detailed  design  studies  since 
the  procedure  may  not  be  sensitive  to  the  effects  of  small 
variations  In  some  design  variables. 

(2)  To  the  maximum  extent  possible,  an  attempt  was  made  to  define 
the  derivative  parameters  In  terms  of  geometric  variables  that 
can  be  easily  related  to  the  airplane  configuration.  This  was 
done  to  help  In  evaluating  the  effects  of  configuration  changes 
on  Installed  performance. 

(3)  Derivative  parameters  had  to  represent  trends  that  were  strong 
enough  to  be  clearly  evident  In  spite  of  the  scatter  In  test 
data  obtained  from  typical  Inlet  and  nozzle  tests. 

Table  I presents  a list  of  the  derivative  parameters  that  have  been 
selected  for  use  In  the  derivative  procedures.  The  definition  of  each  of 
these  parameters  Is  Included.  Tables  III  & IV  present  the  derivative 
parameters  and  the  performance  map  variables  that  they  affect,  either 
directly  or  Indirectly. 
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DERIVATIVE 


1.  Aspect  Ratio 
(AR) 


2.  SI depl ate  Cutback 
(SPC) 


3.  First  Ramp  or  Cone 
Angle 


TABLE  II 

PARAMETERS  AND  THEIR  DEFINITIONS 


Applicable  to  two-dimensional 
Inlets  only 

- Defined  as  Inlet  width  divided  by  Inlet  Up 
height  (relative  to  tip  position). 


- Applicable  to  two-dimensional 
Inlets  only 

- Defined  as  the  percent  of  a full  si depl ate 
area  that  Is  removed  to  define  a partial 
si depl ate. 

The  upper  edge  of  a full  11 depl ate  extends 
from  the  ramp  tip  to  the  cowl  lip. 


- Applicable  to  two-dimensional 
and  axlsymmetrlc  Inlets 

- Defined  as  surface  ramp  angle,  In  degrees, 
relative  to  horlsontal  reference  line  for 
two-dimensional  Inlets 

- Defined  as  cone  surface  angle,  In  degrees, 
relative  to  Inlet  centerline  for  axlsymmet- 
rlc Inlets  (cone  half-angle) 


S3 


TABLE  II  (Continued) 


4.  Design  Mach  Number 

(Mo  Design) 

% 

5.  Cowl  Lip  Bluntness 


Applicable  to  all  Inlets 

Defined  as  the  maximum  Mach  number  at  which 
the  Inlet  Is  designed  to  operate 

Applicable  to  all  Inlets 

Defined  as  the  Inlet  lip  surface  radius 
divided  by  the  lip  height. 


6.  Takeoff  Door  Area 


7,  External  Cowl  Angle 


8.  Exit  Nozzle  Type 
for  Bleed 


9.  Exit  Nozzle  Angle 
for  Bleed 


10.  Exit  Flap  Aspect 
Ratio  for  Bleed 
(ARp) 


11.  Exit  Flap  Area 
for  Bleed 
(Ap/Ac) 


Applicable  to  all  Inlets 

Defined  as  the  total  door  area  for  the 
takeoff  auxiliary  air  system  divided  by  the 
Inlet  capture  area 

Applicable  to  all  Inlets 

Defined  as  external  cowl  surface  angle,  In 
degrees,  relative  to  Inlet  horizontal  refer- 
ence line 

Applicable  to  two-dimensional  and 
axlsymmetric'  inlets 

Defines  whether  bleed  exit  nozzle  Is  conver- 
gent or  convergent-divergent 

Applicable  to  two-dimensional  and 
axlsymmetric  Inlets 

Defined  as  bleed  exit  nozzle  angle,  In 
degrees,  relative  to  Inlet  horizontal  refer- 
ence line 

Applicable  to  two-dimensional  and 
axlsymmetric  inlets 

Defined  as  flap  width  divided  by  flap  length 

Applicable  to  two-dimensional  and 
axlsymmetric  inlets 

Defined  as  flap  area  divided  by  Inlet  cap- 
ture area 


TABLE  II  (Continued) 


12.  Exit  Nozzle  Type 
for  Bypass 


13.  Exit  Nozzle  Angle 
for  Bypass 


14.  Exit  Flap  Aspect 

Ratio  for  Bypass 
(ARF) 

15.  Exit  Flap  Area 

for  Bypass 
(Ap/Ac) 


Applicable  to  all  Inlets 

defines  whether  bypass  exit  nozzle  Is  con- 
vergent or  convergent-divergent 

Applicable  to  all  inlets 

Defined  as  bypass  exit  nozzle  angle,  In 
degrees,  relative  to  Inlet  horizontal  refer- 
ence line 

Applicable  to  all  Inlets 

Defined  as  flap  width  divided  by  flap  length 

Applicable  to  all  Inlets 

Defined  as  flap  area  divided  by  Inlet  cap- 
ture area 


16.  Subsonic  Diffuser 
Area  Ratio 
(A2/Ai) 


17.  Subsonic  Diffuser 
Total  Wall  Angle 


18.  Subsonic  Diffuser 
Loss  Coefficient 

(c) 


Applicable  to  all  Inlets 

Defined  as  exit  area  (compressor  face) 
divided  by  entrance  area  (throat) 

Applicable  to  all  Inlets 

Defined  as  the  total  equivalent  wall  diver- 
gence angle,  from  entrance  to  exit 

Applicable  to  all  Inlets 

Defined  by  the  equation 

a 1 ** c \ 7i + 


IS. 


Throat  to  Capture 
Area  Ratio 


(AT/Ac) 


20.  Nozzle/Aftbody  Area 
Distribution 


Applicable  to  Pitot  Inlets 
only 

Defined  as  the  fixed  throat  area  divided  by 
the  Inlet  capture  area 

Applicable  to  all  nozz le/aftbodles. 

Defined  by  the  cross-sectional  area 
distribution  as  a function  of  station  from 
Aio  (ref.  area)  to  A9  (nozzle  exit 
area).  Characterized  by  the  parameter  IMSt 
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TABLE  II  (Concluded) 


21.  Radial  Tall  Orien- 
tation Position 


22.  Fore-and-aft  Tall 
Location 


23.  Base  Area 


24.  Plug  Half  Angle 


25.  Ramp  Half  Angle 


26.  Aspect  Ratio 
(Wg/Hg) 


27.  Divergence  Half- 
Angle 
( • DIV) 


Applicable  to  all  nozzle/aftbodles  with 
tails.  Defined  by  the  angular  orientation 
of  the  tall  relative  to  the  vertical 
position. 

Applicable  to  all  nozzle/aftbodles  with 
tails.  Defined  by  the  location  of  the  aft 
point  of  the  tall/aftbody  junction  relative 
to  the  aftbody  length  (Xa^q  - X^) 

Applicable  to  all  nozzle/aftbodles  with  base 
area.  Defined  by  the  ratio  of  the  base 
area,  Ag^SE  to  the  aftbody  reference  area, 

Aio 

Applicable  to  round  plug  nozzles.  Defined 
as  the  half-angle  of  the  plug  centerbody 
measured  relative  to  the  plug  axial  center- 
line. 

Applicable  to  two-dimensional  wedge  nozzles. 
Defined  by  the  wedge  half-angle  relative  to 
the  wedge  centerline. 

Applicable  to  two-dimensional  nozzles,  both 
C-D  and  wedge  types.  Defined  by  the  ratio 
of  nozzle  width  to  height  at  the  nozzle  exit 
station. 

Applicable  to  convergent-divergent  round  and 
2-D  nozzles.  Defined  as  the  angle  of  the 
diverging  section  nozzle  wall  relative  to 
the  axial  centerline  of  the  nozzle. 
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TABLE  III  INLET  DERIVATIVE  PROCEDURE  CROSS-REFERENCE 


TABLE  IV  NOZZLE/AFTBOOY  DERIVATIVE  PROCEDURE  REFERENCE  LIST 


(FOR  2-0  WEDGE 


4.2 


DERIVATIVE  PROCEDURE  FOR  INLETS 


The  use  of  inlet  performance  maps  in  mission  analysis  for  preliminary 
design  has  simplified  the  task  and  provided  for  consistent,  rapid  re- 
sults. The  existing  files  of  Inlet  performance  maps  do  not  cover  all 
cases,  however,  and  where  the  existing  maps  do  not  match  the  application, 
various  approaches  have  been  used  to  generate  new  maps.  The  user  might 
modify  the  performance  maps  by  hand  to  reflect  changes,  but  no  standard 
procedure  is  available,  and  the  process  would  not  be  conducive  to  rapid 
response.  Further,  there  would  likely  be  a lack  of  consistency  In  map 
changes  among  many  users.  A common  approach  has  been  to  use  the  maps  as 
they  exist  and  accept  the  possibility  of  reasonable  errors. 

A rapid  process  which  would  produce  modified  performance  maps  that  re- 
flect the  variables  of  the  Installation  being  considered,  would  allow 
maximum  utilization  of  the  advantages  of  the  map  Installation  analysis. 
The  concept  of  a derivative  processor  fits  this  requirement.  It  will 
produce  a new  set  of  performance  maps,  reflecting  the  effects  of  the  new 
Installation. 

4.2.1  Concept 

Since  the  primary  application  of  the  derivative  procedure  Is  preliminary 
design,  the  user  will  not  have  highly  detailed  information  on  the  inlet 
design  or  operating  schedules.  The  starting  information  will  be  the 
existing  performance  maps,  and  the  derivative  parameter  values  associated 
with  those  maps.  All  results  will  be  anchored  In  the  baseline  map  file. 
Thus,  level  of  technology,  complexity,  and  design  philosophy  are  removed 
as  variables  In  this  process.  Those  variables  are  reflected  in  the  map 
files  available  as  baselines.  Each  map  file  then  represents  a class  of 
Inlets  which  reflect  the  sophistication,  level  of  technology,  design 
philosophy,  and  design  trades  present  In  the  baseline  Inlet.  Variation 
In  these  parameters  Is  accomplished  through  selection  of  the  baseline  map 
file.  It  is  important  to  note  that  the  inlet  data  for  the  same  design 
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generated  by  the  derivative  processor  from  dissimilar  inlets  in  the  data 
base  will  not  have  unique  characteristics.  Each  derivative  Inlet  will 
reflect  the  design  of  the  baseline  Inlet. 


The  derivative  procedure  Is  structured  as  an  analytical  technique  as  much 
as  possible.  Physically  based  analyses  are  used  to  relate  parameter 
changes  to  the  various  performance  map  changes.  The  effects  on  all  maps 
and  map  variables  are  Included.  The  analyses  and  governing  assumptions 
provide  a procedure  that  Is  first  order  accurate  or  better.  The  approach 
Is  structured  so  that  all  map  effects  are  Included  In  seven  consecutive 
steps  that  require  no  iteration  between  the  various  steps.  In  general 
for  each  step,  those  effects  which  relate  to  modified  geometry  are  deter- 
mined first  at  the  existing  design  Mach  number.  Then  the  effect  of 
design  Mach  number  change  Is  determined. 


Three  types  of  Inlets  are  Included: 

1.  Two-dimensional 

2.  Axl symmetric 

3.  Pitot 


The  two-dimensional  and  axlsymmetrlc  Inlets  are  treated  similarly,  though 
a coneflow  solution  Is  required  for  axlsymmetrlc  Inlets  while  wedge  flow 
Is  used  for  two-dimensional  Inlets.  These  inlets  are  assumed  'to  have  a 
design  Mach  number  greater  than  ore.  The  pitot  Inlet  Is  treated  differ- 
ently because  It  may  have  a design  Mach  number  of  any  value,  and  the 
derivative  procedure  must  handle  a change  from  subsonic  to  supersonic  and 
vice  versa.  As  a result,  no  simple  Mach  number  scaling  is  used.  For 
two-dimensional  and  axlsymmetrlc  Inlets,  Mach  number  scaling  Is  employed 
If  the  design  Mach  number  Is  changed.  This  Mach  number  scaling  is 
accomplished  as  follows: 


if 


if 


M0  < 1.0  , 

Mo  new  " M0  0ld 

Mo  itart  old  ^ M0  design  old  , 
Mo  new  " + ^oold-  1.0^ 


design  new  “ 1,0 ) 
K design  old  ~ 1 ,0  ) 


IFOR  BOTH  MIXED  AND 
EXTERNAL  COMPRESSION 
INLETS 


1 EXTERNAL  COMPRESSION 
INLETS 


^ M0  start  old  ^ M0  design  old  ' 


Mo  slsrt  new  " Mu  start  old 


for  1.0  < M0<M0|tirt  , 


( EXTERNAL  COMPRESSION  MODE ) 


M 


o new 


M 


o old 


f°r  Mo  new  > Mo  start 


( MIXED  COMPRESSION  MODE  > 


) MIXED  COMPRESSION 
INLETS 


The  starting  Mach  number  Is  unchanged  for  mixed  compression  Inlets.  The 
range  of  starting  Mach  number  Is  relatively  small,  and  does  not  vary 
directly  with  design  Mach  number.  The  assumption  of  fixed  starting  Mach 
number  is  at  least  first-order  accurate.  The  terminology  for  the  various 
Inlet  flows  Is  Illustrated  below. 
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4. 2. 2.1  Step  1.  New  Inlet  Capture 


The  first  thing  done  Is  to  establish  the  matched  capture  for  the  existing 
inlet: 


(AOj/Ac)jcr  " (A<JA*)k  + (W'Ae)M 


The  remainder  of  this  step  will  deal  with  this  matched  capture.  For 
pitot  Inlets  the  existing  capture  Is  multiplied  by  the  ratio,  new-to-old, 
of  throat-to-capture  area  ratio.  Then  If  the  new  design  Mach  number  Is 
less  than  the  old,  the  table  Is  simply  truncated.  If  the  new  design  Mach 
number  Is  greater  than  the  old,  the  matched  capture  Is  extended  past  the 
previous  maximum  Mach  number  using  the  relation 


‘ (A°iWcK 


a? 


v . , Man«w. 

°3F 


(Vt,) 


M 


flJMMLtlQBMAl,  SHOCK- 


ay 


which  assumes  a fixed  throat  area  and  throat  Mach  number  represented  by 
the  previous  highest  Mach  Number. 

For  two-dimensional  Inlets,  the  Petersen-Tamplln  analysis  (Reference  10) 
Is  used,  for  MQ  > 1.0,  to  determine  the  effects  of  geometry  changes 
with  the  existing  design  Mach  number.  This  analysis,  for  single  ramp 
Inlets,  Includes  the  effect  of  aspect  ratio,  ramp  angle,  and  side  plate 
shape,  and  Includes  side  spillage  effects,  It  Is  assumed  that  ramp 
scheduling  will  be  similar  enough  between  the  old  and  new  geometries  that 
the  variation  In  capture  will  be  represented  by  the  relative  variations 
In  capture  for  single  ramp  Inlets.  To  dimensional Ize  the  inlet  It  is 
assumed  that  the  ramp  tip  shock  (old  and  new)  Is  on  the  lip  at  the  exist- 
ing design  Mach  number.  For  this  existing  Mach  number  range,  the  maximum 
capture  Is  determined  from  the  analysis  for  the  old  and  new  geometry: 
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For  axlsymmetrlc  Inlets,  at  MQ  > 1.0,  a coneflow  solution  Is  used  for 
the  old  and  new  Initial  cone  angle  for  Mach  numbers  up  to  the  old  design 
Mach  number.  The  cone  tip  shock  Is  assumed  to  be  on  lip  at  the  old 
design  Mach  number.  A translation  schedule  Is  determined  (f(MQ))  for 
the  old  cone  angle  such  that  the  maximum  capture  Is  the  matched  capture 
determined  previously.  The  new  cone  angle  uses  the  same  translation 
schedule  to  determine  the  new  capture. 

For  all  three  types  of  Inlets,  at  MQ<  1.0,  the  effects  on  capture  of 
cowl  lip  bluntness,  takeoff  door  area,  and  subsonic  diffuser  modifica- 
tions are  determined.  For  cowl  lip  bluntness  and  takeoff  door  area  the 
ratio  of  Inlet  airflows  Is  equal  to  the  ratio  of  effective  throat  areas. 
For  the  subsonic  diffuser  the  compressor  face  Mach  number  Is  assumed 
fixed  so  that  diffuser  recovery  affects  capture  directly  (MTh<  1.0), 

Then  for  two-dimensional  or  axlsymmetrlc  Inlets  If  the  design  Mach  number 
Is  changed,  the  Inlet  capture  Is  adjusted.  If  the  design  Mach  number  Is 
Increased  the  design  (minimum)  throat  area  goes  down  (and  vice  versa). 
Since  geometric  variation  Is  limited,  the  maximum  throat  size  will  be 
changed  accordingly.  It  Is  assumed  that  the  Inlet  mass  flow  ratio  at  the 
design  Mach  number  Is  the  same  (new  and  old)  while  at  Mach  1.0 


X 


63 


This  relationship  has  been  shown  to  be  generally  valid  for  several  axl- 
symmetrlc inlets  (References  11,  12,  13),  but  may  be  conservative  for 
two-dimensional  Inlets. 

4. 2. 2. 2 Step  2.  New  Inlet  Bleed 

Pitot  Inlets  are  assumed  generally  to  have  no  bleed,  since  present  exam- 
ples are  unbled.  However,  In  anticipation  of  a pitot  Inlet  with  bleed, 
the  bleed  rate  tables  are  simply  passed  from  the  old  file  to  the  new 
file.  No  other  approach  would  be  well-founded  since  system  characteris- 
tics are  as  yet  undefined. 

Two-dimensional  and  axlsymmetrlc  inlets  have  the  effect  of  design  change 
on  bleed  rates  determined  similarly,  except  that  two-dimensional  Inlets 
can  have  a wetted  area  ratio  change  with  fixed  Initial  ramp  angle,  due  to 
changes  In  aspect  ratio  and/or  sldeplate  area,  that  axlsymmetrlc  Inlets 
do  not  have.  For  two-dimensional  Inlets  the  bleed  rates  are  multiplied 
by  the  ratio  (new-to-old)  of  wetted  areas. 

The  Inlet  design  point,  (specified  In  terms  of  design  Mach  number  and 
geometric  variables)  Is  assumed  to  be  the  critical  sizing  point  for  the 
bleed  system.  It  may  be  that  some  off-design  condition  caused  a modifi- 
cation in  the  system,  but  that  will  be  reflected  In  the  design  point 
bleed  for  the  existing  Inlet.  There  are  two  criteria  which  may  be  gener- 
ally used  to  determine  the  relative  amount  of  boundary  layer  control: 

(1)  the  adverse  gradient  the  boundary  layer  must  traverse  and  (2)  the 
Reynolds  number.  The  adverse  gradient  is  the  dominant  effect.  Oblique 
shock  reflection  results  Indicate  that  the  allowable  pressure  ratio 
divided  by  the  upstream  Mach  number  Is  a reasonable  measure  of  the  like- 
lihood of  separation  (Reference  14)  In  the  range  of  Interest.  Using  this 
as  a basis,  and  assuming  a fixed  downstream  Mach  number  (throat  or 
compressor  face)  and  neglecting  the  secondary  effects  of  recovery,  the 
following  expression  may  be  derived  (remembering  that  It  is  the  surface 
pressure  gradient  the  boundary  layer  must  undergo): 
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This  expression  works  reasonably  well  when  applied  to  existing  Inlets. 
Note  that  the  pressure  gradient  term  Is  affected  by  initial  ramp  or  cone 
angle  and  design  Mach  number.  The  surface  condition  Is  obtained  from 
simple  wedge  flow  for  two-dimensional  Inlets,  and  from  cone  flow  for 
ax 1 symmetric  Inlets.  The  results  Improve  If  this  expression  Is  multi- 
plied (on  the  right-hand  side)  by 
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where  the  Re/ft/PT  values  come  from  Chart  25  of  Reference  15, 

O ® 

using  the  T «■  100  F curve.  This  last  step  accounts  for  the  Reynolds 
number  change  with  Mach  number. 


It  was  determined  that  the  expression  discussed  above  provided  excellent 
prediction  of  forward  bleed  In  mixed  compression  Inlets.  This  Is  quite 
reasonable  since  It  Implies  that  the  bleed  rate  will  go  up  or  down  with 
pressure  ratio  divided  by  Initial  surface  Mach  number  to  provide  a con- 
stant throat  entry  condition. 

It  was  found  on  further  examination  that  terminal  shock  bleed  (throat 
bleed  for  mixed  compression  or  total  bleed  for  external  compression) 
scaled  as 


/A0  \ 

' 0 BLC1  ' 'Miurr*ee  new  T 

Mo  deiign  new 

U /new  ' 

^Re/ft/PTJ 

lM  I 

Mo  deiign  old-* 

65 


The  bleed  rate  split  for  mixed  compression  Inlets  was  based  on  the  mixed 
compression  Inlet  design  guidelines  of  Reference  1.6,  where  It  Is  assumed 
that  forward  bleed  equals  throat  blockage,  and  throat  bleed  Is  2/3  of 
throat  blockage.  This  translates  to 


forward 


I 


and,  as  demonstrated  In  the  Appendix,  this  bleed  splitting  provides 
excellent  results. 


It  Is  assumed  that  for  all  Inlets  the  variation  In  bleed  rate  with  Inlet 
supply  Is  a variation  In  terminal  shock  bleed  alone. 

4 .'2. 2, 3 Step  3.  New  Engine  Supply 

Engine  capture  Is  Inlet  supply  minus  Inlet  bleed.  Since  Inlet  capture  and 
Inlet  bleed  have  been  determined  for  the  new  Inlet  In  an  Independent 
•manner,  the  resultant  Inlet  supply  does  not  simply  scale  by  a shift.  In 
fact  non-linear  scaling  of  Inlet  supply  may  well  result. 


An  equivalency  of  supply,  new-to-old,  as  a function  of  determined 
In  this  step  so  that  all  old  tables  with  supply  axes  may  be  rescaled  to 
new  supply  values. 

4 . 2 . 2 . 4 Step  4,  New  Inlet  Recovery 

In  this  step  the  matched  recovery  will  be  modified,  and  the  recovery 
variation  with  supply  will  simply  be  shifted  by  the  same  amount  as  the 
matched  recovery. 
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For  all  Mach  numbers  less  than  or  equal  to  1.0  the  ratio  of  new  to  old 
recovery  Is  determined  for  cowl  lip  bluntness,  takeoff  door  area,  and 
subsonic  diffuser  changes.  The  existing  recovery  In  this  Mach  number 
range  Is  multiplied  by  these  recovery  ratios  (new-to-old)  to  determine 
the  new  recovery.  For  pitot  Inlets  this  correction  Is  applied  at  all 
existing  Mach  numbers. 

New  effective  terminal  shock  Mach  numbers  are  determined  for  two-dimen- 
sional and  axlsymmetrlc  Inlets  at  Mach  numbers  greater  than  1.0  and  less 
than  or  equal  to  the  starting  Mach  number  (external  compression),  The  new 
values  are  calculated  from  the  existing  terminal  shock  Mach  number  and 
new  and  old  Inlet  capture  (prior  to  design  Mach  number  change).  The 
recovery  difference  for  a normal  shock  at  the  old  and  new  effective 
terminal  shock  Mach  numbers  Is  determined.  The  matched  recovery  Is 
Incremented  by  one-half  this  amount,  since  It  Is  assumed  ramp  scheduling, 
or  centerbody  translation  scheduling  could  be  used  to  control  this  Mach 
number. 

For  two-dimensional  and  axlsymmetrlc  Inlets  at  all  Mach  numbers  greater 
than  1.0  the  Increment  In  Initial  ramp  or  cone  shock  recovery  Is  deter- 
mined for  altered  Initial  ramp  or  cone  angle.  Wedge  flow  Is  used  for 
two-dimensional  Inlets  and  a cone  flow  solution  for  axlsymmetrlc  Inlets. 
The  matched  recovery  Is  Incremented  by  one-half  of  the  difference,  assum- 
ing that  altered  Inlet  operation  can  be  used  to  mitigate  this  effect. 

For  these  same  Inlets  and  for  this  Mach  number  range  the  effects  on 
recovery  of  subsonic  diffuser  geometry  changes  are  determined  for  new  and 
old  geometries  and  the  existing  recovery  Is  multiplied  by  the  ratio 
new-to-old  subsonic  diffuser  recoveries. 

For  two-dimensional  and  axlsymmetrlc  Inlets,  If  the  design  Mach  number  Is 
changed  It  Is  assumed  that  the  loss  coefficient  ^ Is  stni 

valid.  Therefore  the  new  recovery  Is  simply 
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using  Mach  number  equivalence.  This  Is  probably  optimistic  for  external 
compression  Inlets  with  large  design  Mach  number  shifts,  but  has  other- 
wise proven  quite  accurate  (see  the  Appendix). 

For  pitot  Inlets  if  the  design  Mach  number  Is  reduced,  the  existing  curve 
Is  simply  truncated.  If  the  design  Mach  number  Is  Increased  the  curve  Is 
extended  by  multiplying  the  recovery  of  the  previous  maximum  Mach  number 
by  the  ratio  of  the  normal  shock  recovery  at  MQ  divided  by  the  normal 
shock  recovery  at  the  previous  maximum  Mach  number. 

The  recovery  as  a function  of  mass  flow  curves  are  simply  shifted  by  the 
difference  In  matched  recoveries  at  equivalent  Mach  numbers.  For  pitot 
Inlets  this  Involves  duplicating  the  previous  maximum  Mach  number  curve 
and  shifting  It  so  that  the  matched  point  agrees  with  the  new  MQ 
matched  supply  and  recovery,  or  simply  deleting  some  curves  If  design 
Mach  number  Is  decreased. 

The  buzz  and  distortion  limit  tables  are  assumed  to  be  physically  keyed 
to  recovery,  so  at  the  same  shift  from  the  matched  recovery  as  In  the  aid 
Inlet,  at  equivalent  Mach  numbers,  a new  Inlet  supply  Is  determined  and 
the  new  buzz  and  distortion  limit  tables  result. 

4. 2. 2. 5 Step  5,  New  Spillage  Drag 

An  Inlet  capture  equivalence  Is  determined 
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using  the  point-to-point  equivalence  In  Table  2A.  This  allows  simple 
rescaling  of  all  Inlet  capture  axes,  old-to-new. 

Next  an  absolute  drag  level  1$  established  by  adding  the  reference  drag 
levels  to  the  power  sensitive  drags. 

c»n  ’ S ♦ cd!a 

The  drag  calculation  for  two-dimensional  Inlets  Is  done  with  the  Peter- 
sen-TamplIn  analysis,  which  Includes  the  effect  of  side  spillage.  The 
drag  analyses  In  this  program  are  based  on  momentum  equations. 

The  drag  calculation  for  axlsymmatric  Inlets  utilizes  a cone  flow  solu- 
tion, and  the  drag  calculation  procedures  are  equivalent  to  those  In 
Petersen-Tamplln,  except  for  side  spillage,  which  has  no  axlsymmetrlc 
counterpart. 

The  drag  calculations  for  pitot  Inlets  are  equivalent  to  the  subsonic  and 
detached  shock  calculation  procedures  for  two-dimensional  and  axlsymmet- 
rlc Inlets,  except  that  no  external  compression  surface  exists.  Momentum 
balance  equations  are  used  with  the  upstream  condition  being  freestream 
or  behind  a normal  shock  at  froestream  Mach  number. 
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j the  new  drag  is  determined  as  the  old  drag  times  the  ratio  (new-to-old) 

|:j  of  calculated  drags.  The  exception  Is  for  two-dimensional  and  axlsymmet- 

;•]  rlc  inlets  between  Mach  1.0  and  the  starting  Mach  number  where  the  ramp 

! j or  cone  tip  shock  Is  not  detached.  For  those  cases 
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the  maximum  capture  drag  Is  determined  by  multiplying  by  the  ratio  of 
calculated  maximum  capture  drags,  but  the  drag  at  reduced  capture  Is 
determined  Incrementally  from  the  maximum  capture  drag.  This  Is  because 
the  drag  Increment  is  due  to  normal  shock  spillage,  a different  mechanism 
than  the  maximum  capture  drag,  and  the  relative  contributions  In  the  old 
and  new  Inlet  may  not  be  the  same. 


For  two-dimensional  Inlets  an  equivalent  single  ramp  angle  as  a function 
of  Mq  Is  determined  from  the  existing  tip  location  to  match  the  maximum 
Inlet  capture  as  a function  of  M .'  The  drag  Is  calculated  using  these 
equivalent  ramp  angles. 

For  axisymmetrlc  Inlets  the  ac4  ,al  cone  angle  Is  used  and  the  tip  Is 
translated  to  match  the  maximum  capture.  The  drag  Is  calculated  using 
these  translation  schedules, 


The  effect  of  cowl  external  angle  on  spillage  drag  Is  Included  as  a 
multiplier.  The  ratio  of  K^gg  has  been  determined  empirically  (Refer- 
ences 1,  10)  as  a function  of  cowl  external  angle,  and  the  updated  drags 
are  multiplied  by  the  ratio  of  K^gg  values  to  determine  the  final  drag. 

Then  for  the  specified  reference  mass  flow  In  3B,  Table  3A  Is  the  3B 
Intercepts  In  3T.  Table  3 Is  3T  - 3A. 


j 


4. 2. 2. 6 Step  6.  New  Bleed  Drag 

The  new  drag  Is  determined  from  the  old  at  equivalent  MQ  and 
Aq  B^/Ag,  rowing  use  of  the  point  to  point  equivalency  between  Table 
® Aqld  Table  6A^^. 
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The  PITAP  (Reference  1)  plenum  pressure  data  are  used,  with  the  high 
pressure  and  low  pressure  bleed  mass  flow  splits  as  defined  In  Step  2 for 
M0>M0  start.  For  all  other  Mach  numbers  the  high  pressure  curvrls 
used.  The  calculated  drag  coefficients  are  determined  from  the  flap  drag 
and  momentum  drag  procedures  (Reference  1). 


4. 2. 2. 7 


This  step  Is  very  similar  to  Step  6.  The  new  bypass  drag  Is  determined 

from  the  old  at  equivalent  MQ  and  AQ  /Aq  as 
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using  the  flap  and  momentum  drag  procedures  as  above.  The  nozzle  plenum 
pressure  Is  the  matched  Inlet  recovery  multiplied  by  the  PITAP  plenum 
pressure  multiplier,  which  is  a function  of  bypass  flow  (Reference  1). 
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N0Z2LE/AFTB0DY  DERIVATIVE  PROCEDURE 


The  nozzle/aftbody  derivative  procedure  consists  of  two  parts:  (a) 

nozzle/aftbody  drag  (Cn  ) calculation  procedure  and  (b)  nozzle 
Internal  performance  (C£  } calculation  procedure.  Each  of  these 
calculation  procedures  1§  discussed  separately  In  the  subsections  which 
follow. 


The  purpose  of  the  nozzle/aftbody  drag  calculation  derivative  procedure 
Is  to  provide  a rapid  first-order  computerized  calculation  method  for 
obtaining  the  Incremental  changes  In  drag  due  to  changes  In  nozzle  and 
afterbody  geometric  variables  and  nozzle  static  pressure  ratio.  The 
basic  premise  in  the  development  of  the  nozzle/aftbody  drag  derivative 
procedure  Is  that  a set  of  baseline  nozzle/aftbody  configurations  and 
their  estimated  (or  measured)  drag  characteristics  are  available  In  PIPSI 
format.  The  format  of  the  noz2le/aftbody  drag  maps  Is  illustrated  In 
Figure  20. 

The  derivative  procedure  provides  a means  for  calculating  the  changes  In 
dray  that  are  caused  by  changes  In  certain  geometric  parameters.  These 
geometric  parameters  are  defined  by  the  list  of  derivative  parameters  In 
Section  4.1.  The  nozzle/aftbody  derivative  parameters  are  summarized 
below. 


1.  Aft  end  area 
distribution 

2.  Tall  position 

3.  Base  area 


Includes  the  effects  of  rectangular 
nozzle  aspect  ratio,  nozzle  boattall 
angle,  twin  nozzle  spacing 

Includes  the  effects  of  radial  tall 
orientation  and  longitudinal  tall 
location 
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4.3.1  Drag  Due  to  Aft  End  Area  Distribution 


The  approach  used  to  calculate  the  effects  of  changes  In  parameters  which 
affect  the  aft-end  area  distribution  Is  the  truncated  integral  mean  shape 
I MS j method  documented  In  References  17  and  18.  This  calculation 
procedure  is  summarized  in  Figure  21.  The  calculation  of  the  IMSj 
parameter  requires  that  the  nozzle/aftbody  area  distribution  be  deter- 
mined as  a function  of  several  different  nozzle  positions  ranging  from 
minimum  nozzle  exit  area  (Ag)  position  to  maximum  nozzle  exit  area.  A 
typical  area  distribution  such  as  that  required  by  the  IMSj  procedure 
is  shown  In  Figure  22.  The  calculated  IMS^  parameter  for  a particular 
area  distribution  is  used  as  input  to  data  correlations  of  nozzle/aftbody 
drag  as  a function  of  IMS^  parameter  and  free-stream  Mach  number  to 
obtain  the  nozzle/aftbody  drag  coefficient,  CD  . Examples  of  the 
drag  data  correlations  are  presented  in  Figure§^3,  24,  and  25. 

The  computer  program  is  structured  to  have  built-in  drag  correlation 
tables  such  as  the  data  shown  In  Figures  23,  24,  and  25.  At  the  present 
time,  only  a limited  amount  of  data  has  been  found  to  provide  the  table 
look-up  data  required  for  all  configurations.  Until  such  time  as  better 
data  are  available,  the  same  data  will  be  used  for  2-D  wedge  nozzles  and 
2-D  C-D  nozzles.  Similarly,  the  only  data  correlations  available  for 
round  plug  nozzles  are  for  twin  round  plug  nozzles.  These  data  correla- 
tions will  also  be  used  for  single  round  plug  nozzles  until  better  data 
correlations  are  available.  Twin  round  C-D  nozzle  drag  correlations  will 
likewise  be  used  for  single  round  C-D  nozzles.  The  basic  drag  correla- 
tions are  for  a fully-expanded  nozzle  (Pg/PQ  ■ 1.0).  The  effects  of 
nozzle  exit  static  pressure  ratio  (other  than  1.0)  on  drag  are  calculated 
using  a drag  correlation  developed  during  the  Exhaust  System  Interaction 
Program  (Reference  18).  This  correlation  Is: 


74 


600  700  800 

j STATION,  INCHES 

•! 

1 i 

,i  Figure  12.  No22le/Aftbody  Area  Distribution  for 

Round  No2z1e  Configuration 


i 7* 


900 


Twin 


I 


Flqurs  N 

S 


All  the  parameters  required  to  calculate  the  above  relation  are  readily 
available  except  Ag/Ag.  To  obtain  Ag/Ag  values,  the  user  of  the 
derivative  procedure  must  Input  a variation  of  Ag/Ag  as  a function  of 
MQ  or  the  program  will  default  to  a typical  area  variation  schedule. 

The  typical  area  variation  schedule  built  Into  the  program  Is  shown  in 
Figure  26.  Using  the  above  equation,  Incremental  changes  In  drag  due  to 
pressure  ratio  effects  will  be  calculated  and  stored  as  tables  that  can 
be  used  as  Input  for  the  P1PSI  program.  A flow  chart  that  illustrates 
the  steps  In  the  above  part  of  the  drag  calculation  procedure  Is  shown  In 
Figure  27. 

4.3.2  Drag  Due  to  Tall  Effects  and  Base  Area 

After  the  calculation  of  drag  due  to  aft-end  closure  effects  (previously 
described)  drag  Increments  are  added  to  account  for  the  radial  orienta- 
tion of  tails,  longitudinal  location  of  tails  and  base  drag.  The  program 
Is  structured  to  contain  a table  of  Incremental  drag  corrections 
( ACQ  ) as  a function  of  free-stream  Mach  number,  MQ,  and  radial 
tall  oPlentatlon  angle,  eR.  However,  due  to  the  lack  of  experimental 
data  to  show  the  effect  on  drag  of  radial  tall  orientation,  It  has  not 
been  possible  to  construct  a satisfactory  correction  table.  Therefore, 
the  table  structure  was  coded  to  contain  ACg  ■ 0 for  all  Mach 
numbers  and  tall  angles.  When  adequate  data  Sre  available  to  construct  a 
satisfactory  table  of  corrections,  the  data  can  be  entered  In  the  compu- 
ter program  code.  The  format  of  the  table  Is  shown  In  Figure  28. 

An  Incremental  drag  correction  to  account  for  the  effects  of  fore-and-aft 
movement  of  the  tall  surfaces  on  aftbody  drag  has  been  developed  from 
analysis  of  the  data  contained  In  Reference  19.  These  data  were  for 
single  engine  Installations.  Figure  29  shows  the  variation  of 
ACp  as  a function  of  the  tall  fore  and  aft  location  for  a nozzle 
sOTc  pressure  ratio,  Pg/PQ  ■ 1.0.  The  computer  program  Is 
structured  to  contain  the  Incremental  tall  location  drag  data  shown  In 
Figure  29.  If  better  data  become  available,  the  computer  code  can  be 
changed  to  Incorporate  the  data  tables. 


BO 


A9/A3 


Figure  26.  Default  Nozzle  Area  Ratio  Schedule 


81 


READ  IN  NEW 
NOZZLE/AFTBOOY  AREA 
DISTRIBUTION  ANO 
DERIVATIVE  PARAMETERS 


7 


CALCULATE  IMST 
PARAMETERS  FOR 
BOTH  NEW  ANO  OLD 
AREA  DISTRIBUTIONS 


OBTAIN  CD'S  FOR  OLD 
AND  NEW  IMSt'S 
FROM  CORRELATIONS  OF 
CD  VS.  IMSt  , M0, 

& CONFIG.  TYPE 


INPUT  Ag/Ag 
SCHED.  OR  DEFAULT 


CALCULATE  EFFECTS 
OF  NOZZLE  EXIT 
STATIC  PRESSURE 
RATIO.  p9/pq 
FROM  .5  TO  3.0 


PREPARE  INPUT 

TABLES  OF  Cn 

°AB 

VS.  Pg/P0  FOR 
VARIOUS  A10/A?  RATIOS 


CALCULATE  aCR 


JNEW  "OLD 


Figure  27.  Noule/Aftbody  Drag  Derivative  Procedure 
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IBER 

Coefficient  Due  to  Tail 
:inn 


The  first-order  effects  of  base  area  on  drag  are  calculated  by  using 
input  tables  of  base  pressure  coefficient  as  a function  of  free-stream 
Mach  number,  M , and  nozzle  type  (either  ax i symmetric  or  two-dimen- 
sional). The  base  pressure  coefficient  In  the  program  is  shown  In  Figure 
30.  Using  the  base  pressure  coefficient,  Cp  , and  the  base  area 
ratios,  the  incremental  base  drag  coefficient  Is  calculated  by  the  fol- 
lowing relation: 

ACdjj  ■ Cpg  • [(Abgjj/Ajg)  ntw  - (Abtu/Ajg) 

A flow  chart  showing  the  main  steps  Involved  In  the  calculation  of  radial 
and  longitudinal  tall  effects  and  base  pressure  drag  increments  Is  pre- 
sented In  Figure  31. 

The  total  of  the  Incremental  changes  in  drag  due  to  geometry  are  added 
and  the  resultant  drag  Increment  applied  to  the  Input  drag  map  to  obtain 
the  new  nozzle/aftbody  drag  map. 

4.3.3  Nozzle  Gross  Thrust  Coefficient  Derivative  Procedure 


The  calculation  methods  employed  to  determine  the  effects  on  nozzle  gross 
thrust  coefficient  (Cp  ) of  changes  in  nozzle  geometric  variables 
depend  greatly  on  the  *£ype  of  nozzle  being  used.  Separate  calculation 
flow  paths  were  constructed  to  handle  each  of  the  following  nozzle  types: 


(1)  Axlsymmetrlc  Conver gent-0 Iver gent 

(2)  Axlsymmetrlc  Plug 

(3)  Two-Dimensional  Convergent-Divergent 

(4)  Two-Dimensional  Plug  (Wedge) 


For  all  the  above  nozzle  types,  the  approach  used  in  developing  the 
derivative  procedure  was  to  utilize  as  much  as  possible  the  data  from 
experimental  results,  with  theoretical  calculations  used  where  there  were 
data  voids  or  where  It  was  necessary  to  calculate  geometric  relationships 
for  typical  trends  of  nozzle  variations. 
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The  derivative  parameters  for  each  nozzle  type  are  summarized  in  table  V 


TABLE  V 

DERIVATIVE  PARAMETERS  FOR  NOZZLE  CpQ  CALCULATION 


NOZZLE 

DERIVATIVE 

TYPE 

PARAMETERS 

AXI  C-D 

®DI  V 

DIVERGENCE 
HALF -ANGLE 

AXI  PLUG 

®P 

PLUG  HALF-ANGLE 

2-D  C-D 

Wg/Hg 

ASPECT  RATIO 

® D I V 

DIVERGENCE 

HALF-ANGLE 

2-D  WEDGE 

Wg/Hg 

ASPECT  RATIO 

0N  RAMP  (WEDGE) 

HALF -ANGLE 

The  user  of  the  derivative  procedure  has  the  options  available  to  calcu- 
late the  effect  on  the  Input  Cp  map  of  any  of  the  derivative  param- 
eters shown  In  the  right  hand  cSlumn  of  Table  V.  The  methods  and  data 
used  to  calculate  the  effects  of  variations  In  each  of  the  derivative 
parameters  are  described  in  the  sections  which  follow. 


4.3.4 


Effect  of  Divergence  Half-Angle  on  Cp 
Nozzle 


G' 


for  a Round  C-D 


The  input  map  format  for  round  C-D  nozzles  used  by  the  PI  PS  I program  is 
Illustrated  In  Figure  32.  This  map  provides  Cp  as  a function  of 
nozzle  pressure  ratio,  PTg/PQ , for  various  nozzle  expansion  ratios, 
Ag/Ag.  To  provide  a method  whereby  the  effect  of  0qjV  could  be 
related  to  area  ratio,  a typical  round  C-D  nozzle  8^^  variation  as  a 
function  of  Ag/Ag  was  examined.  Based  on  the  results  of  this 
examination  the  simplified  variation  shown  In  Figure  33  was  adopted  for 
programming  Into  the  procedure.  With  a knowledge  of  A0/Ag  and 
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u.  6 


Figure  32.  Gross  Thrust  Coefficient  for  a Round  C-D  Nozzle 


pjy  , (DIVERGENCE  HALF  ANGLE) 


00jy,  it  Is  possible  to  determine  the  angularity  loss,  using  the 
angularity  loss  coefficient  data  from  Reference  1.  These  experimental 
data  are  shown  In  Figure  34. 


4.3.5 


Effect  of  Plug  Half-Angle  on  Cp 


G 


for  a Round  Plug  Nozzle 


The  input  map  format  for  an  axisymmetric  plug  nozzle  is  shown  ir-  figure 
35.  This  format  provides  nozzle  gross  thrust  coefficient,  Cp  , as  a 
function  of  nozzle  pressure  ratio  Pjg/P0  for  various  area  ratios, 

Ag/Ag.  To  obtain  the  relationship  of  Ag/Ag  and  plug  half  angle, 
a two-dimensional  table  look-up  set  of  data  was  prepared  that  represents 
the  geometric  relationships  between  lif  angle,  « plug  half  angle,  ep, 
and  area  ratio,  Ag/Ag,  for  a typical  plug  nozzle  configuration. 

These  data,  presented  In  Figure  36,  Is  programmed  Into  the  code  to  pro- 
vide Inputs  necessary  to  calculate  the  parameter  [a-  Sp).  The  para- 
meter (a-6p)  is  then  used  to  enter  Figure  37  to  obtain  the  plug  nozzle 
performance  loss.  Figure  37  documented  in  Reference  1,  Is  based  on 
experimental  data. 


4.3.6 


Effect  of  Aspect  Ratio  and  Divergence  Half-Angle  on  C F 
a Two-Dimensional  Convergent-Divergent  Nozzle 


G 


for 


The  methods  used  in  developing  the  computer  code  for  the  2-D  C-D  nozzle 
internal  performance  calculations  are  based  primarily  on  the  experimental 
data  gathered  during  the  AFAPL  Installed  Turbine  Engine  Survivability 
Criteria  contract  documented  in  Reference  20.  These  tests  provided  data 
on  a variety  of  2-D  nozzles  of  various  aspect  ratios  and  divergence 
angles. 


The  Input  map  format  for  the  2-D  C-D  nozzle  Cp  Is  shown  in  Figure 
38.  This  format  provides  nozzle  Cp  as  a function  of  pressure  ratio 
and  nozzle  jet  area.  Two  jet  area  Schedules  are  provided,  minimum  jet 
area  and  maximum  jet  area,  corresponding  to  the  experimental  configura- 
tions tested.  An  optimum  schedule  of  area  ratio  is  used  for  each  of  the 


Angularity  Loss 


9? 


Figure  34.  Angularity  Loss  Coefficient  for 
Convergent-Divergent  Nozzles 


Plug 


jet  area  settings.  This  area  ratio  schedule  is  presented  in  Figure  39. 
The  area  ratio  schedule  is  truncated  at  a maximum  area  ratio  of  1.60, 
corresponding  to  the  maximum  area  ratio  used  in  the  tests.  A divergence 
angle  schedule  was  also  obtained  from  the  test  configurations,  as  shown 
in  Figure  40.  With  the  geometric  relationships  provided  by  the  previous 
Ag/Ag  and  9DJV  schedules,  the  necessary  input  parameters  are 
available  to  obtain  Cp  as  a function  of  Ag/Ag  and 

from  the  correla^iiofi^f  experimental  data  presented  in  Figure 
41.  The  CF  values  for  old  and  new  configurations  provide 

km 


the  data  ne« 
change  in  d^. 


o obtain  the  resulting  from  the  geometric 


The  experimental  data  from  Reference  20  were  also  used  to  obtain  the 

effect  of  nozzle  aspect  ratio.  These  data,  presented  in  Figure  42, 

provide  a correction  factor,  Cff/Ce  as  a function  of 

r p r p 

Log  At  for  minimum  “A  * 1 

and  maximum  jet  area  settings. 


^•3.7  Effect  of  Aspect  Ratio  and  Wedge  Half-Angle  on  Cp  of  a 2-D 
Wedge  Nozzle  ^ 


The  format  for  2-0  wedge  nozzle  PIPSI  Input  data  maos  is  shown  in  Figure 
43.  This  format  provides  Cp  as  a function  of  nozzle  pressure 
ratio  Pyg/Pjj.  for  two  nozzl§  area  ratio  schedules,  one  for  non- 
afterburning operation  and  one  for  maximum  afterburning  operation.  These 
schedules  assume  that  variable  area  nozzle  geometry  is  available  such 
that  the  nozzle  area  ratio  can  be  scheduled  to  operate  at  the  optimum 
value  until  the  geometric  limits  of  nozzle  travel  are  reached. 


The  experimental  data  from  Reference  20  were  used  to  provide  the  correc- 
tion factors  for  2-D  wedge  nozzle  aspect  ratio  and  wedge  angle.  The  data 
used  In  the  computer  program  were  prepared  as  correction  factors  relative 
to  the  baselne  values  of  a wedge  angle,  9p,  of  10°  and  an  aspect 
ratio,  AR  , of  1.0.  The  resulting  correction  factors  are  presented  in 
Figures  44  and  45. 
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Figure  42.  Effect  of  Aspect  Ratio  on  2-D/C-D  Nozzle 
Performance 


Flqure  4: 


LOO  AR 


Fiqure  44.  Effect  of  Aspect  Ratio  on  2-0  Plug  Nozzle 
Performance 


MAX  JET  AREA 
(A/B) 

« 

i 
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APPENDIX 


CHECK  OF  SOME  DERIVATIVE  PROCEDURE  METHODS 

This  appendix  will  show  results  for  a limited  number  of  Inlets,  using  the 
Inlet  derivative  procedure  methods  for  bleed  rates,  and  Inlet  design 
point  recovery  with  varied  Inlet  design  Mach  number.  The  attempt  will  be 
made  to  transform  from  one  known  Inlet  to  the  parameters  of  another  known 
Inlet. 

Two  groups  of  Inlets  are  considered.  The  first  consists  of  three  mixed 
compression,  two-dimensional  Inlets,  defined  In  the  following  table.  All 
values  are  given  for  the  design  Mach  number. 


Design  Mach  No'. 

P.50 

2.60 

3.0 

Recovery 

0.905 

0.916 

0.885 

Bleed  Rate 

0.07 

0.07 

0.105 

Initial  Ramp  Angle 

7.00 

5.00 

7.00 

Aspect  Ratio 

1.0 

0.91 

1.0 

Side  Plate  Cutback 

0.0 

0.0 

0.0 

Ramp  Surface  Mach  No. 

P.179 

P.381 

2.65 

Reference 

1 

P6 

7 

Since  there  Is  very  little  difference  In  aspect  ratio,  Its  effect  will  be 
neglected  In  the  following.  Bleed  rate  calculations  will  be  made  for 
these  Inlets,  then  recovery  calculations  will  be  considered. 


Two  bleed  predictions  methods  will  be  used.  The  first  will  use  the 
equation 


The  second  will  use  this  same  equation  for  the  low  pressure  bleed,  where 


and  it.  will  use 


/ A°  BLc\ 

- /A°  Bic\ 

(Ke/P?  ) M 
' Mo  deilen  new 

\ Ac  / 

' c /new 

U L 

7Re/PT  ) 

_ 0 ^odeilgn  old.. 

for  the  high  pressure  bleed. 


For  the  Mach  2.5  Inlet  transformed  to  the  Mach  2.6  Inlet  design  varia- 
bles, the  following  results  were  obtained: 


Mach  2.5 


BIX 


0.07 


Mach  2.6  Method  1 
Method  2 


• 0.087 

■ 0.085  (v*.  0.07) 


For  the  Mach  2.5  to  Mach 
Method  1 
Method  2 


3.0  design  variables 

- 0.116 
A- 

. o.lll  (VI.  0.105) 


For  the  Mach  2.6  to  Mach  3.0  design  variables 


Method  1 


0.092 
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Method  2 


0.90  (vt.  0.10S) 


These  results  do  not  seem  Initially  to  be  consistent.  If  one  were  to  say 
that  they  are  due  to  differences  In  maneuverability,  with  higher  bleed 
rate  equating  to  higher  maneuverability,  then  we  would  rate  the  Inlets 
with  the  Mach  2.6  as  least  maneuverable,  the  Mach  2.5  as  most  maneuver- 
able,  and  the  Mach  3.0  Inlet  between.  This  was  done  by  comparing  bleed 
rates  at  a Mach  3.0  design  for  each  Inlet.  Examining  the  references  It 
was  found  that  the  Mach  2.5  Inlet  was  for  o fighter- bomber,  the  Mach  2.6 
Inlet  for  a commercial  SST,  and  the  Mach  3.0  Inlet,  for  a bomber.  The 
maneuverability  characteristics  would  Indeed  rank  the  Inlets  as  listed 
from  the  prediction. 


It  Is  likely  that  high  maneuverability  brings  lowered  recovery  to  achieve 
stable  operation.  Knowing  the  ranking  above,  It  would  be  expected  that 
for  a Mach  3.0  design,  the  Mach  2.6  base  would  have  highest  recovery,  the 
Mach  2.5  lowest  recovery,  and  the  Mach  3.0  between  them. 


AT>t/Pt 

The  recovery  calculation  assumes  that  the  Inlet  loss  coefflclent.—j^LIp,./ (m0) 
Is  valid.  Thus  when  design  Mach  number  changes,  qQ  changes.  The 
equation  Is 


For  the  Mach  2.5  to  Mach  2.6  design 
pt2 

■y*  ■ 0.897  (w.  0.916) 

To  new 

For  the  Mach  2.5  to  Mach  3.0  design 

■ 0.863  (vi,  0.883) 

*T 

o MW 
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For  the  Mach  2.6  to  Mach  3.0  design 


Il2_ 

Pj 

o ntw 


0.888  (vi.  0.885) 


These  predictions  of  recovery  would,  in  fact,  order  the  Inlets  in  the 
same  manner  as  previously  ranked.  The  result  of  these  comparisons  is 
that  the  bleed  and  recovery  analyses  show  the  correct  trends.  It  also 
illustrates  the  effect  and  Importance  of  the  selection  of  the  baseline 
inlet  map  file.  Further  demonstration  of  the  methods  requires  evaluation 
among  a family  of  Inlets  with  similar  designs  and  applications. 

The  second  group  of  inlets  consists  of  four  mixed  compression,  axl sym- 
metric inlets,  all  designed  for  supersonic  cruise  application.  The 
following  table  provides  Information  at  the  design  Mach  number. 


Design  Mach  No. 

2.35 

2.65(A) 

2.65(B) 

3.5 

Recovery 

.93 

.927 

.907 

.837 

Bleed  Rate 

.0553 

.0662 

.07 

.134 

Initial  Cone  Angle 

10.30 

11.20 

9.00 

10.00 

Cone  Surface  Mach  No. 

2.174 

2.326 

2.439 

3.125 

Reference 

13 

11 

11,  27 

12 

The  two  bleed  rate  prediction  methods  used  previously  are 
usee  again. 

For  the  Mach  2.35  to  the  Mach  2.65(A)  design 

A0 

Method  1 ..Mfi  ■ 0.0643  (-  2.8%) 

Method  2 ^JU£.  m 0.0635  (-4.1%) 

“ MW 


108 


For  the  Mach  2.35  to  the  Mach  2.t>5(8)  design 


Method  1 

fejm. 

mw 

• 0.0732  ( + 4.6#) 

Method  2 

A°»lc 

A 

■ 0.0715  (+2.1#) 

As  mw 


For  the  Mach  2.35  to  the  Mach  3.5  design 

A„ 


Method  1 
Method  2 


'o 

Ac 


MW 


Luul 


new 


0.1  S3  ( + 14.0%) 
0.141  ( + 5.4#) 


For  the  Mach  2.65(A)  to  the 
Method  1 
Method  2 


Mach  3.5  design 

• 0.1S7  (+17.4#) 
- 0.147  ( + 9.8#) 

**  new 


. *°  air 

Ae  new 


For  the  Mach  2.65(B)  to  the  Mach  3,5  design 


Method  1 

"?.»  LC 
Ae  new 

- 0.146  ( + 9.05#) 

Aq 

Method  2 

ILC 

Ac 

x IWW 

- 0.138  ( + 2.95#) 

These  comparisons  show  that  Method  2 produces  less  than  1096  error  In 
bleed  rate  for  all  these  design  modifications,  when  compared  to  the 
actual  Inlet...  Generally  the  error  Is  considerably  smaller  than  that. 
Method  2 Is  used  In  the  derivative  procedure  for  mixed  compression  In 
lets.  These  results  are  better  than  first  order  accurate. 


The  recovery  calculation  is  as  described  previously  in  this  Appendix. 
For  the  Mach  2.35  to  Mach  2.65(A)  design 


PT„ 

‘JL.  . 0.911  (-1.7*) 

rT 

0 n«w 


For  the  Mach  2.35  to  Mach  2.65(8)  design 


0.911  ( + 0.44*) 


n«w 


For  the  Mach  2.35  to  Mach  3.5  design 


PT 

"r 


0.845  ( + C.92*) 


0 n«w 


For  the  Mach  2.65(A)  to  Mach  3.5  design 


0.873  ( + 4.26*) 


°n«w 


For  the  Mach  2.65(B)  to  Mach  3.5  design 


0.838  ( + 0.09*) 


These  results  show  excellent  agreement,  certainly  better  than  first  order 
accurate. 
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